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Abstract 
 
 Knowledge of how a polypeptide folds from a space-filling random coil into a 
biologically-functional, three-dimensional structure has been the essence of the protein 
folding problem.  Though mechanistic details of DNA transcription and RNA translation 
are well understood, a specific code by which the primary structure dictates the 
acquisition of secondary, tertiary, and quarternary structure remains unknown.  However, 
the demonstrated reversibility of in vitro protein folding allows for a thermodynamic 
analysis of the folding reaction.  By probing both the equilibrium and kinetics of protein 
folding, a protein folding mechanism can be postulated.  Over the past 40 years, folding 
mechanisms have been determined for many proteins; however, a generalized folding 
code is far from clear.  Furthermore, most protein folding studies have focused on 
monomeric proteins even though a majority of biological processes function via the 
association of multiple subunits.  Consequently, a complete understanding of the 
acquisition of quarternary protein structure is essential for applying the basic principles of 
protein folding to biology. 
 The studies presented in this dissertation examined the folding and assembly of 
two very different multimeric proteins.  Underlying both of these investigations is the 
need for a combined analysis of a repertoire of approaches to dissect the folding 
mechanism for multimeric proteins.  Chapter II elucidates the detailed folding energy 
landscape of HIV-1 protease, a dimeric protein containing β-barrel subunits.  The folding 
of this viral enzyme exhibited a sequential three-step pathway, involving the rate-limiting 
 viii
formation of a monomeric intermediate.  The energetics determined from this analysis 
and their applications to HIV-1 function are discussed.  In contrast, Chapter III illustrates 
the association of a coiled coil component of L. terrestris erythrocruorin.  This 
extracellular hemoglobin consists of a complex scaffold of linker chains with a central 
ring of interdigitating coiled coils.  Allostery is maintained by twelve dodecameric 
hemoglobin subunits that dock upon this scaffold.  Modest association was observed for 
this coiled coil, and the implications of this fragment to linker assembly are addressed.   
 These studies depict the complexity of multimeric folding reactions.  Chapter II 
demonstrates that a detailed energy landscape of a dimeric protein can be determined by 
combining traditional equilibrium and kinetic approaches with information from a global 
analysis of kinetics and a monomer construct.  Chapter III indicates that fragmentation of 
large complexes can show the contributions of separate domains to hierarchical 
organization.  As a whole, this dissertation highlights the importance of pursuing 
mulitmeric protein folding studies and the implications of these folding mechanisms to 
biological function. 
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CHAPTER I 
INTRODUCTION AND LITERATURE REVIEW 
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Overview of the protein folding problem 
 
The central dogma of molecular biology.  Beginning with the discovery of DNA 
structure by Watson and Crick in the 1950’s (Watson and Crick 1953a; Watson and Crick 
1953b; Watson and Crick 1953c), through the development of recombinant DNA 
techniques in the 1970’s and 1980’s (Nash 1975a; Nash 1975b; Wetzel 1980; McGregor 
1983; Georgiou 1995), and currently enlightened with the promise of RNAi (Seydoux et 
al. 1996; Fire et al. 1998; Tabara et al. 1998; Sharp and Zamore 2000; Shankar et al. 
2005), the late 20th century and the dawn of the 21st century have been regarded as the 
genetic revolution (Hennig 2004). Scientific discoveries relating to all aspects of the 
genetic code hold the keys to transforming medicine, industry, and quality of life as we 
know it (Berg and Singer 1995).   
The central dogma of molecular biology describes how DNA sequences are 
transcribed to RNA sequences and these RNA sequences are then translated to amino 
acid sequences of polypeptide chains (Crick 1958; Thieffry and Sarkar 1998).  The 
systematic analysis of catalytic mechanisms, correlated with the structures of many of the 
relevant protein/DNA and protein/RNA complexes, has made these processes relatively 
well understood (Wahl and Sundaralingam 1995; Millar 1996; Steitz and Moore 2003; 
Moore and Steitz 2005).  However, the details of the process by which a fully-functional 
three-dimensional protein is rapidly and efficiently folds from an unstructured linear 
sequence of amino acids remain unclear.  The quest to understand the molecular events 
that link the primary structure and the functional native protein is viewed as “the protein 
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folding problem” and is commonly referred to as the “second half” of the genetic code 
(Figure 1.1).    
 
Searching for a folding code.  Through his pioneering work with ribonuclease in 
the 1960’s, Anfinsen showed that a denatured protein can spontaneously refold in 
solution (Anfinsen 1973).  The amino acid sequence alone is capable of directing the 
folding reaction. This observation led to the idea that protein folding is a reversible 
process that can be described in terms of thermodynamic principles (Anfinsen et al. 
1961).  However, if a sequence of 100 amino acids were allowed to sample two 
conformations per amino acid, with one picosecond per conformation, the protein would 
require the age of the universe to reach its most stable fold.  The Levinthal paradox 
(Levinthal 1968) implies that folding is a directed search and has motivated an entire 
field of research on the mechanisms of this remarkable process.  The coupling of the 
thermodynamic and kinetic perspectives has shaped the search for a folding code. 
Over the past thirty-five years, experimentalists have studied the in vitro folding 
of purified proteins in an attempt to characterize the steps and requirements for protein 
folding.  Many types of folding mechanisms have been delineated and these efforts have 
demonstrated the complexity of the protein folding problem, with intricacies dependent 
upon sequence, fold, and function (Matthews 1993; Rumbley et al. 2001). Consequently, 
the specificity and preference of amino acid sequences for a particular fold have yet to be 
determined. 
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Figure 1.1:  The protein folding problem.  Knowledge of how a protein attains its 
functional, three-dimensional form from a primary amino acid code will further enhance 
scientific advances based on the genetic code. 
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DNA RNA Protein 
Functional 3D-form 
Folding 
Amino acids are the building blocks of protein structure. 
1° structure 2° structure 3° structure 4° structure 
 
 5
 Postulated models of protein folding.  Several simplified models of how a protein 
folds to its native state have been developed to explain experimental observations 
(Dobson et al. 1994; Radford 2000) (Figure 1.2).  The framework model involves the 
initial formation of small secondary structural elements that diffuse and then dock into 
the native tertiary fold via diffusion-collision.  The hydrophobic collapse model proposes 
the formation of a compact molten globule intermediate as the protein buries its 
hydrophobic side chains away from solvent during early folding (Kuwajima 1989).  The 
search for the native structure is then constrained within the molten globule state.   The 
nucleation-growth model, suggests that a limited number of amino acids form a folding 
nucleus that propagates structure through the chain in a sequential manner.   
 
 Computational efforts in protein folding.  While experimental approaches are 
required to determine the actual molecular events that occur during folding, 
computational approaches are an appealing alternative to solving the folding code 
because they potentially provide a general approach towards handling the explosive 
growth of DNA and protein sequences (Hardin et al. 2002; Moult 2005).  Molecular 
dynamics simulations have been used to monitor the folding of very small proteins or 
domains (Pande et al. 1997a; Pande et al. 1997b; Pande et al. 1998; Pande and Rokhsar 
1998; Pande and Rokhsar 1999a; Pande and Rokhsar 1999b; Snow et al. 2002; Zagrovic 
et al. 2002; Pande et al. 2003; Lucent et al. 2007).  However, the combinatorics of larger, 
typical proteins precludes the calculations of complete folding trajectories with existing  
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Figure 1.2:  Models of protein folding.  While experimental evidence supports each of 
the three models in distinct ways, it is thought that the folding of a protein involves a 
coordination of all three of these models (Dobson, 1994). 
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computational power.  A simplified representation of proteins involving only the Cα 
atoms, i.e., the Gō model, has enabled the simulation of entire folding and unfolding 
reactions for proteins of 100-250 amino acids.  However, the omission of side chain 
information and the focus on native interactions has led to skepticism regarding their 
validity.  Even with these limitations, comparisons of experimentally-determined and 
simulated structures of partially folded states have shown reasonable agreement in 
several cases.  By implication, the progressive development of native-like structure may 
be a common feature of folding reactions.  Combining the wealth of data from 
experimental protein folding studies and the power of computational simulations may 
someday enable the prediction of a native protein fold from its amino acid sequence 
(Honig 1999). 
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Benefits from solving the protein folding problem 
 
Protein therapeutics.  At present nearly 150 diseases, including autoimmune 
diseases, cancer, and infectious diseases, are treated with medicines derived from 
biotechnology, many of which are protein-based therapeutics (Frokjaer and Otzen 2005).   
The advances in biotechnological production methods have made protein therapeutics 
more readily available than by previous traditional tissue extraction methods.  Knowledge 
of the sequence requirements for a given fold topology and the influence of various 
interactions within these folds will enable the synthesis of designed proteins with 
improved stability, function, and efficacy.   The therapeutic effect of recombinant human 
interleukin-2 (hIL-2) was improved through molecular design by replacing a cysteine 
with a serine (Cassell et al. 2002).  This recombinant form of hIL-2 has a longer half-life 
in vivo.  Also, mutations in self-association sites of human insulin have led to the 
development of rapid-acting monomeric human insulin analogues (Brange et al. 1990).  
These examples illustrate the power of combining protein folding information with 
recombinant DNA technology to create more powerful therapeutics. 
 
Misfolding and disease.  The relevance of the protein folding problem to human 
health has also been brought to light with the discovery of a link between misfolded 
proteins and disease (Dobson 2001).  Misfolded proteins can form aggregates that have 
been connected to a host of pathologies including amyotrophic lateral sclerosis, 
Parkinson’s disease, Huntington’s chorea, Alzheimer’s disease, systemic amyloidosis, 
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and sickle cell anemia through mutations that cause a gain-of-function.  In other 
afflictions, such as cystic fibrosis, hypercholesterolemia, type II diabetes, and cataracts, a 
change in the normal conformation or assembly of a functional protein is hypothesized to 
lead to a disease state through a loss-of-function.  
A leading hypothesis connecting protein misfolding with disease is that a 
conformational change occurs within a protein that propagates an aggregation chain of 
events (Dobson 2002) (Figure 1.3).  This idea involves a “seeding” of misfolded protein 
with a single misfolding event.  Proteins that are prone to aggregation either have 
intrinsic beta structure or adopt beta structure prior to forming aggregates.  These 
monomeric beta structures then form small oligomers that coalesce into protofibrils and 
fibrils.  While the formation of aggregated, misfolded proteins has been linked to human 
disease, the exact cause of their toxicity remains yet to be discovered.  It is not clear 
whether protofibril-fibril formation leads to toxicity or whether such macromolecular 
structures serve as a protective mechanism to remove toxic protein from living organisms 
(Dobson 2001; Dobson 2004).  Investigations that determine what factors might cause 
proteins to misfold and self-associate may lead to a cure for these diseases. 
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Figure 1.3:  Possible misfolding models.  Gain or loss of protein function may occur 
through a shift in protein equilibrium between the native state and disordered aggregates 
and prefibrillar species (Dobson, 2002).  U represents the unfolded polypeptide chain, I 
represents a folding intermediate, and N represents then functional native structure.  As 
indicated, misfolding of a protein may arise from all three states in the folding reaction. 
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Emerging questions in the protein folding field 
 
The search for a protein folding code has evolved with the technology accessible 
for its study and has broadened perspectives on protein folding mechanisms.  When 
Anfinsen first suggested reversible protein folding, proteins were only available from 
naturally occurring sources and the probes of study were limited.  Advances in molecular 
biology and synthetic chemistry have vastly increased the number of model systems as 
well as the modifications that can be made to these systems.  Continuing developments in 
spectroscopic techniques and the resulting improvements in structural resolution have 
provided more detailed information on the folding reaction.  The very rapid nature of 
protein folding reactions has motivated the development of faster mixing techniques 
providing insights into microsecond folding events.  In conjunction with the wealth of 
experimental data resulting from these advances, the increasing capability of computers 
to solve complex problems has moved the field ever closer to a protein folding code. 
 
 Structure-guided studies.  Detailed knowledge of protein structure is essential to 
probe the role that specific structural features may have in the folding reaction.  The 
determination of a number of biological genomes has led to a revolution in protein 
structure determination because structural data confirms the existence of proteins that are 
predicted from gene sequences.  Advanced crystallographic methods, coupled with the 
ability to produce recombinant protein, have provided the means to determine numerous 
crystal structures of proteins whose structural information was previously inaccessible 
(Hendrickson 1991; Hendrickson 2000; Dale et al. 2003; Derewenda 2004; Lecomte et al. 
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2004). Furthermore, higher resolution NMR magnets have allowed for solution structures 
of many small proteins (Yee et al. 2006).  This information provides a map of specific 
residue interactions for dissecting the role of various amino acids and substructures in the 
development of the native protein fold. 
 
 Methods of protein engineering.  Understanding the role of individual amino acids 
or domains in the folding of various proteins will enhance the development of a folding 
database.  Comparisons between the folding mechanisms of the variant and wild-type 
protein have been made possible with advances in recombinant molecular biology.  Site-
directed mutagenesis can be used to make point mutations, insert or delete loops, 
circularly permute a sequence, and truncate a sequence (Matthews 1987; Garvey and 
Matthews 1990).  Large scale overexpression of recombinant proteins yields a sufficient 
quantity of purified protein for folding studies that may not be naturally available 
(Makrides 1996; Baneyx 1999; Sorensen and Mortensen 2005b; Sorensen and Mortensen 
2005a).    Although molecular biology is a powerful tool for producing proteins and 
variants, some systems are not as tractable to the standard applications of this technique.  
In these cases, limited proteolysis (Porter 1950; Porter 1959) and peptide synthesis 
(Merrifield 1965) can be used to make fragments of proteins that may not express well by 
recombinant methods.  Other alternatives include peptide synthesis can to insert 
nonnatural amino acids into proteins and chemical ligation techniques to add synthetic 
fluorescent probes to proteins combine domains that may not co express in recombinant 
proteins (Muir 2003). 
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 Thermodynamic versus kinetic control.  When the protein folding problem was 
first posed, a major question involved the idea of thermodynamic vs. kinetic control, 
whether the functional fold of a protein is determined by the lowest energy state that the 
protein can attain or the rate at which that fold will occur (Anfinsen and Scheraga 1975).  
It is now widely accepted that many proteins fold under the influence of thermodynamic 
control, attaining the most stable fold or ensemble of folds possible (Govindarajan and 
Goldstein 1998).  However, a few proteins, including those with pro sequences at the N-
terminus that are subsequently removed after folding (Baker et al. 1992a; Baker et al. 
1992b; Eder et al. 1993; Wang et al. 1996) or heterodimers involved in signaling 
pathways, such as Fos/Jun (d'Avignon et al. 2006), have been shown to fold via kinetic 
control. The question remains as to whether this fold is merely a “trap” from which the 
protein cannot attain the activation energy to fold to the native state or the only functional 
state for the protein (Sohl et al. 1998). 
 
 Chemical kinetics view of folding.  Initial attempts to resolve Levinthal’s paradox 
described folding as a discrete sequence of events in which an unfolded polymer of 
amino acids reaches its most thermodynamically favored state through a directed search 
along a productive reaction coordinate (Baldwin 1975; Chothia 1975; Tanaka and 
Scheraga 1975; Matthews 1993).  While this complex reaction coordinate was meant to 
imply that ensembles of intermediates were involved in a folding mechanism, the two 
dimensional nature of the diagram could be mistaken to suggest that only one particular 
intermediate or transition state could occur.  Applications of polymer theory to protein 
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folding have proposed that folding occurs through a three-dimensional funnel, rather than 
a two-dimensional reaction coordinate (Wolynes et al. 1995) (Figure 1.4). One can 
visualize this concept as a three-dimensional reaction coordinate, with the apparent 
folding free energy (less the chain entropy contribution) on the z-axis and chain entropy 
in a 2-D format on the x- and y- axes.  Depending upon the complexity of the folding 
reaction, the landscape can be rough or smooth.  Thus, the landscape describes the 
possible paths a polypeptide might take as it folds to a functional protein (Lazaridis and 
Karplus 1997; Matagne and Dobson 1998).  While the polymer physics basis of protein 
folding appeared to contradict the chemical kinetics interpretation, both views are now 
reconciled with the concept of a folding energy landscape (Baldwin 1995). 
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Figure 1.4:  Energy Landscapes in Protein Folding.  The figure above demonstrates 
the concept of how the entropic term enters the thermodynamics of folding.  Rather than 
follow a two dimensional reaction coordinate, proteins are thought to fold via an 
ensemble of intermediates towards the lowest free energy state (Wolynes, 1995). 
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Technology Development 
 
Advances in detection technology have expanded the experimental repertoire for 
understanding protein folding, in turn providing a wealth of information on folding 
intermediates.  Conventionally far-UV circular dichroism (CD) has been used to probe 
the formation of secondary structure (Woody 1995).  Ultraviolet-Visible (UV-VIS), 
fluorescence (FL), and  near-UV CD spectroscopies have provided information about 
tertiary packing around intrinsic aromatic side chains (Jennings et al. 1991).  However, 
the growing availability of other detection methods have broadened and deepened the 
scope of the questions that can be posed about folding reactions and partially-folded 
states.  These techniques include fluorescence resonance energy transfer and anisotropy, 
Nuclear Magnetic Resonance (NMR) spectroscopy, mass spectrometry (MS), and small 
angle X-ray scattering (SAXS). 
 
Fluorescence spectroscopy.  Improved FL detection methods and access to 
commercially-available probes have created new opportunities to obtain site-specific 
information on folding reactions.  Since tryptophan and tyrosine fluorescence report on 
local folding events surrounding these side chains, both naturally occurring and point-
mutated side chains with fluorescent properties have been followed by this detection 
method (Lakowicz 1980; Lakowicz et al. 1983; Lakowicz 1986).  The enhanced 
fluorescence of 1-anilinonaphthalene-8-sulphonate (ANS) during the refolding of a 
protein indicates the transient formation of hydrophobic clusters to which this dye binds 
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(Jones et al. 1994; Uversky et al. 1998).  Binding studies with fluorescent cofactors have 
elucidated the formation of active sites during folding, such as NADP+ binding to DHFR 
(Jennings et al. 1993).  FL anisotropy has been used to determine tryptophan rotational 
correlation times as a means of determining the rotational freedom and solvent exposure 
of each tryptophan side-chain, and monitor the role of hydrophobic collapse in proteins 
(Jones et al. 1995; Mei et al. 2003).  Förster Resonance Energy Transfer (FRET) has 
allowed the measure of discrete distances between donor and dye-labeled acceptor amino 
acids (Selvin 1995). 
 
NMR spectroscopy.  NMR spectroscopy can provide high-resolution structural 
information of transient intermediates for soluble proteins whose molecular weights are 
less than ~30,000 Da (Dyson and Wright 1996; Dyson and Wright 2005).  Non-random 
structure in unfolded states (Neri et al. 1992a; Neri et al. 1992b; Kemmink and Creighton 
1993; Dyson and Wright 2004; Mohana-Borges et al. 2004; Bowler 2007), the structure 
of a very small populations of a folding intermediate (Bezsonova et al. 2006; Korzhnev et 
al. 2006; Mittermaier and Kay 2006; Neudecker et al. 2006), and the structure of a stable 
model of a folding intermediate (Bai et al. 1995) have all been reported.  NMR also has 
been extensively used to monitor the exchange of main chain amide hydrogens with 
solvent deuterium (H/D exchange) as a means of determining the persistence of hydrogen 
bonds in rare high-energy states (Meier et al. 2004) or the appearance of stable hydrogen 
bonds in early folding intermediates (Roder et al. 1988; Udgaonkar and Baldwin 1988; 
Udgaonkar and Baldwin 1990).  Real-time NMR has provided information about the 
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environment of side chains and also solvent accessibility of aromatic side chains within 
50 ms (Zeeb and Balbach 2004).  Dynamic NMR involving lineshape analysis among 
equilibrium species in the transition region has provided details of early folding events 
(Mok and Hore 2004). 
 
Mass spectrometry.  H/D exchange methods coupled with mass spectrometry 
have been used to provide detailed structural information about stable and transiently 
formed folding intermediates (Krishna et al. 2004).  This technique is powerful because 
the limit of this detection method is near the picomolar concentration range and it is also 
amenable to larger proteins (Eyles and Kaltashov 2004).  It is, however, limited to the 
detection of structure at the level of the peptides generated by proteases under acidic 
conditions where back exchange is very slow.  By contrast, H/D exchange coupled with 
NMR provides site-specific information on stable hydrogen bonds. 
 
Small angle X-ray scattering.  The size and shape of a protein during its folding 
reaction can be determined with small angle X-ray scattering (SAXS).  Guinier plots of 
the scattering data provide estimates of the radius of gyrations, Rg, and Kratky plots 
reveal the shape of the protein in various solvents and during the folding reaction (Plaxco 
et al. 1999; Segel et al. 1999a; Segel et al. 1999b; Uversky et al. 1999; Moncoq et al. 
2004; Bilsel and Matthews 2006; Jang do et al. 2006; Arai et al. 2007).  With this 
information, it is possible to determine when compaction of the polypeptide chain occurs 
during folding and the size and shape of the ensemble of intermediates.  One drawback of 
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this technique is that it requires relatively high concentrations of protein, ~1mg mL-1; 
aggregation of marginally-soluble intermediates can obscure the signal. 
 
Ultra-fast folding detection.  Faster mixing techniques and other technology can 
probe a wider range of folding timescales and enrich the knowledge of kinetic folding 
mechanisms (Figure 1.5).  Traditional manual-mixing techniques, although appropriate 
for very slow reactions, > 100s, miss the first 5-10 seconds of the folding reaction 
(Jennings et al. 1991; Matthews 1993).  Stopped-flow techniques can follow folding 
reactions from the millisecond to the hundreds of seconds timescale.  Ultra-fast, 
continuous-flow mixing methods and dynamic NMR have provided a glimpse into the 
microseconds range, but these methods require much larger quantities of protein than 
traditional optical stopped-flow and manual mixing techniques (Huang and Oas 1995; 
Ghaemmaghami et al. 1998; Myers and Oas 2002; Arora et al. 2004; Roder et al. 2004; 
Bilsel and Matthews 2006).  The nanosecond timescale has been probed by temperature-
jump methods, but primarily for small, two-state folding proteins (Wang et al. 2005; 
Bunagan et al. 2006a; Bunagan et al. 2006b; Xu et al. 2006; Gai et al. 2007).  Although 
T-jump methods have been successfully used to examine nanosecond to microsecond 
timescale kinetics of larger proteins (Ballew et al. 1996; Gilmanshin et al. 1997a; 
Gilmanshin et al. 1997b; Gilmanshin et al. 1998; Hagen and Eaton 2000; Gulotta et al. 
2001), they are limited to relaxation kinetics starting from a cold denatured state and 
require accurate knowledge of the equilibrium constant to obtain microscopic rates. 
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FIGURE 1.5:  Timescale of protein folding reactions.  A vast array of experimental 
approaches has been used to map the folding of proteins kinetically (Bilsel, unpublished). 
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Mutational analysis of folding reactions 
 
Intermediates in protein folding mechanisms can be probed with mutational 
analysis (Matthews 1987).  Site-directed mutagenesis can be used to introduce point 
mutations at individual residues that may stabilize transient intermediates.  The folding 
reaction can be measured over a time course with spectroscopic detection methods.  The 
resulting kinetic traces can then be fit to a single exponential, or a series of exponentials, 
to yield a relaxation time.  Using a chevron analysis, a semi-logarithmic plot of kinetic 
relaxation times as a function of denaturant concentration,  the changes in folding kinetics 
of different variants compared to those of the wild-type protein can determine a map of 
the energetic landscape for a given protein (Jennings et al. 1991).  In the case of proteins 
with two-state folding mechanisms, point mutations perturb the folding to suggest 
whether a certain residue contributes to the formation of the transition state. 
Phi-value analysis utilizes protein variants containing point mutations to 
characterize the contribution of individual residues to the formation of the transition state 
(Fersht et al. 1991).  The change in the activation free energy of folding between the 
variant and the wild-type protein is divided by the overall change in stability between the 
variant and wild-type protein.   A mutation at a residue leading to a phi value closer to 
unity indicates that the variant more closely resembles the native state, while a resulting 
phi value closer to zero indicates the variant more closely resembles the unfolded state.  
However, when a phi value lies near the value of 0.5, the interpretation becomes 
ambiguous.  Phi value analysis has been attempted for three-state folders, but the results 
are not definitive (Lindberg et al. 2005). 
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Topology and folding 
 
Relative contact order. To address the relationship between topology and folding 
rates, Plaxco and colleagues have developed an algorithm that calculates the relative 
contact order of residues in the protein using a known crystal structure of a protein 
(Plaxco et al. 1998; Plaxco et al. 2000; Ivankov et al. 2003).  They have shown that a 
linear relationship exists between the logarithm of the refolding rate and the relative 
contact order of a two-state folding protein.  The greater the fraction of local contacts, the 
lower the contact order and the faster the refolding reaction.  In essence, chain entropy 
governs the rate of the reaction.  The folding reactions of proteins with more complex 
folding mechanisms do not obey this same linear relationship.  A possible explanation for 
these deviations from the linear relationship is that this method only works for two-state 
proteins because the rates in multi-step folding mechanisms are highly coupled to each 
other.   
 
Topology modules within a protein.  Other current approaches relating topology 
to folding include searching for discrete folding modules within protein families.  This 
method has been used with TIM barrels, as they have been demonstrated to have 
conserved folding mechanisms based on similar topologies. (Gu et al. 2007; Wu et al. 
2007; Yang et al. 2007)  These homologous proteins of low sequence identity populate a 
similar equilibrium intermediate that contains a high amount of structure and stability.  
Fragmentation analysis of the α-subunit of Trp synthase showed that the minimum 
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structural module is likely to require a βαβαβ sequence (Zitzewitz and Matthews 1999).  
(βα)n folding modules also are being investigated in the flavodoxin fold family by the 
BASiC hypothesis that hydrophobic clusters dominated by Branched Aliphatic Side 
Chains from Leu, Ile and Val residues play crucial roles in guiding the early folding 
reactions and in stabilizing subsequent equilibrium intermediates (Matthews, 
unpublished).  The similar topology dictates similar folding mechanisms for members 
with very different sequences (Forsyth et al. 2007). 
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Key protein folding studies on different motifs 
 
A comparison of the folding mechanisms from all classes of proteins (α, 
β+α, β/α, and β) illustrates that proteins fold as a function of both enthalpic and entropic 
contributions.  However, it has been observed that the initial formation of structure can be 
described by two major models: the framework model and the hydrophobic collapse 
model.  The framework model suggests that proteins fold by building upon local 
interactions (e.g. helices) to form structure in a hierarchical manner.  In contrast, the 
hydrophobic collapse model is based upon the tendency of nonpolar side chains to be 
excluded from aqueous solvent in a non-specific manner.  In the hydrophobic collapse 
model, the search for the native state proceeds from a non-specifically collapsed state 
which has been suggested to reduce the conformational search towards the native state.  
For some proteins, the extent of local bias in determining the folding pathway along the 
energy landscape depends on the native structure and the prevailing mechanism may be 
better described as a composite of the two extremes (Arai et al. 2007).  Based on the 
intricate characterization of a few canonical proteins, trends have been suggested for 
these models.  
 
Folding trends in mainly α-helical proteins.  Several helical proteins have been 
studied extensively, as these proteins behave well in solution, are relatively easy to 
access, and yield a robust CD signal.  Typically, the framework model drives structure 
formation in these proteins.  Both monomeric lambda repressor (Yang and Gruebele 
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2004) and cytochrome c (Krantz et al. 2002) fold via a two-state mechanism. The small 
size (~100 amino acids or fewer) and high helicity of these proteins favors this 
mechanism.  Interestingly, the heme group of cytochrome c enables more intricate 
folding investigations, including ultra-fast studies of its native-like contacts in burst phase 
folding (Abel et al. 2007).  Among the helical immunity proteins, Capaldi and Radford 
have shown that overall global stability in IM9 yields a two-state mechanism, while more 
localized packing in IM7 favors formation of a compact intermediate (Ferguson et al. 
1999; Capaldi et al. 2001; Ferguson et al. 2001; Gorski et al. 2001; Capaldi et al. 2002; 
Friel et al. 2003; Gorski et al. 2004; Spence et al. 2004).  Barstar also folds via a three-
state mechanism with a native-like intermediate (Agashe et al. 1995; Shastry and 
Udgaonkar 1995; Agashe et al. 1997; Schoppe et al. 1997; Lakshmikanth et al. 2001; 
Pradeep and Udgaonkar 2007; Sinha and Udgaonkar 2007).  Using NMR, Wright and 
colleagues have shown that intermediate formation during apomyoglobin folding is 
dictated by interhelical packing stabilized primarily by the hydrophobic effect (Jennings 
and Wright 1993; Eliezer et al. 1995; Eliezer et al. 1997; Eliezer et al. 1998; Nishimura et 
al. 2002; Schwarzinger et al. 2002; Nishimura et al. 2003).  Typically, helical proteins 
exhibit local structural propensity and helical packing interactions that govern 
intermediate and transition state formation (Gunasekaran et al. 2001).  Therefore, proteins 
with helices close in sequence will fold quickly and then the three-dimensional pattern of 
the various helices will determine whether intermediates form. 
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Folding trends in β+α and β/α proteins.  The folding mechanisms of many  
β+α and β/α proteins, including β+α ribonuclease A, β+α lysozyme, β/α the alpha 
subunit of tryptophan synthase, and β/α dihydrofolate reductase (DHFR), have also been 
well characterized.  Ribonuclease A has the simplest mechanism of these four with three-
state folding involving a native-like intermediate (Neira and Rico 1997; Neira et al. 1999; 
Dyson et al. 2006).  Both lysozyme (Dobson et al. 1994; Matagne and Dobson 1998) and 
the alpha subunit of tryptophan synthase (Bilsel et al. 1999a; Bilsel et al. 1999b; Wu and 
Matthews 2002a; Wu and Matthews 2002b; Wu and Matthews 2003; Wu et al. 2005; Wu 
et al. 2007), a TIM barrel protein, become complicated by proline isomerization issues, 
leading to parallel folding pathways.  In addition, alpha subunit of tryptophan synthase 
folds into an off-pathway intermediate, probably the result of barrel packing issues.  
DHFR folding  becomes more complex, as multiple ensembles fold in a parallel manner 
(Iwakura et al. 1993; Jennings et al. 1993; Jones et al. 1994; Iwakura et al. 1995; Jones et 
al. 1995; Jones and Matthews 1995).  However, some of these native-states are competent 
to bind ligand, while others are not.  In genomic comparisons of both TIM barrels and 
DHFR, different folding mechanisms have been shown for different species, but the 
overall trend of ensembles populated is conserved by topology.  These results suggest 
that sequence, secondary structural components, and topology are all implicated in the 
path by which a protein will fold. 
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β−Protein Folding Studies 
 
More recently, with help of a growing toolbox of technological advances, folding 
studies of mainly β-sheet proteins have been added to the protein folding database.  
Unlike their α-helical, β+α, and β/α counterparts, β-proteins have a diminished native 
CD spectral signature and less signal change upon unfolding.  Thus, the thermodynamic 
information available from CD methods is less reliable for these proteins because the 
signal-to-noise ratios are smaller.  While native tryptophan and tyrosine residues within 
beta proteins can provide spectral probes, the information available from FL detection is 
dependent upon the location of the residues within the proteins and the solvent exposure 
changes of these residues upon unfolding. For example, Gierasch and colleagues (Clark 
et al. 1998) have compared β-sheet formation with β-barrel closure in CRABP by 
introducing a single tryptophan into several positions in the sequence.  Additionally, β-
proteins have a higher propensity towards aggregation, further complicating folding 
studies. 
 
Patterns in β-motif formation.  Model β-sheet peptide studies have examined 
fundamental aspects of β-structure during folding (Searle and Ciani 2004).  A variety of 
small β-hairpins investigated showed the common theme that the β-turn sequence in the 
hairpin provides steric direction and that electrostatic salt bridge formation stabilizes the 
structure, but does not drive folding as these interactions occur later in the folding 
reaction (Gibbs et al. 2002).  Furthermore, minimal β-sheet models have shown that 
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hydrophobic side chain association, not the hydrogen bonding network, drives the 
formation of multi-stranded β-sheet structures suggesting that long range interactions are 
more important in β-sheet folding (Kiehna and Waters 2003).  Cooperative folding within 
β-proteins is thought to proceed via distal tertiary contacts, not residues close in sequence 
(Klimov and Thirumalai 2002). 
 
Model β-protein systems.  Small β-proteins, those containing fewer than 100 
amino acids, typically fold through a cooperative two-state mechanism.  The folding of 
SH3 domains, small β-sandwich proteins consisting of two or three β-hairpins, is well-
described by a two-state mechanism involving a transition state with a structured three-
stranded β-sheet (Grantcharova and Baker 1997; Riddle et al. 1999; Grantcharova et al. 
2000; McCallister et al. 2000; Yi et al. 2003).  FRET measurements during refolding and 
a phi-value analysis have shown that cold shock proteins, small β-barrels with a two-
stranded and three-stranded sheet structure have a native-like transition state, preceded by 
a rapid collapse in structure (Garcia-Mira et al. 2004; Magg and Schmid 2004).  The IgG 
binding domains of protein L and protein G consist of a helix packed against a four-
stranded β-sheet.  A comparison between their two respective folding mechanisms 
indicates that local interactions lead to the stability of the isolated β-hairpins, but their 
overall topology provides for an intact β-turn in the transition state (McCallister et al. 
2000).  Phi-value analysis has provided a transition state map for TI 127, from the human 
cardiac titin, in which the protein is highly structured except for a few residues in the N-
terminal region (Fowler and Clarke 2001).  Comparison of TI 127 with an unrelated 
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fibronectin type III domain revealed that these β-sandwich proteins have a common core 
of residues involved in folding nucleation, but that the nucleus can become deformed to 
accommodate changes in sequence (Geierhaas et al. 2004). 
Larger β-proteins display more complex folding pathways.  Intracellular lipid-
binding proteins, including CRABP and IFABP, contain approximately 130 amino acids 
and have been shown to fold via native-like intermediates (Ropson et al. 1990; Clark et 
al. 1996; Burns et al. 1998; Clark et al. 1998; Eyles et al. 1999; Dalessio and Ropson 
2000; Ropson et al. 2000; Burns and Ropson 2001; Rotondi and Gierasch 2003a; Rotondi 
and Gierasch 2003b; Rotondi et al. 2003; Ignatova and Gierasch 2005).  Interleukin-1β, 
with a β-trefoil fold, contains 153 amino acids and folds through an intermediate with 
partial structure (Heidary et al. 1997; Jennings et al. 1998; Covalt et al. 2001; Finke and 
Jennings 2002; Heidary and Jennings 2002; Roy and Jennings 2003; Heidary et al. 2005; 
Roy et al. 2005; Gosavi et al. 2006).  Human γD crystallin, a 174-residue, β-sheet protein 
consisting of four Greek keys in two domains, has two intermediates in its folding 
pathway and a large propensity for aggregation (Kosinski-Collins et al. 2004; Flaugh et 
al. 2005a; Flaugh et al. 2005b).  These intricate folding pathways most likely arise due to 
the larger size and numerous distal contacts that must be made in the complex topology 
of these proteins 
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Multimeric systems:  an added layer of complexity for the protein 
folding problem 
 
Building upon the base of knowledge from monomeric proteins, explorations into 
the folding mechanisms of multimeric systems have begun to be elucidated in recent 
years.  From simple coiled-coil mechanisms to complex multidomain systems, studies of 
multimeric proteins have provided insights into the development of quarternary structure 
during folding to their biologically functional forms (Zitzewitz et al. 1995; Gloss and 
Matthews 1997; Gloss and Matthews 1998a; Gloss and Matthews 1998b; Barry and 
Matthews 1999; Zitzewitz and Matthews 1999; Zitzewitz et al. 2000; Gloss et al. 2001; 
Gloss and Placek 2002; Knappenberger et al. 2002; Placek and Gloss 2002; Banks and 
Gloss 2003; Banks and Gloss 2004; Doyle et al. 2004; Topping et al. 2004; Placek and 
Gloss 2005; Placek et al. 2005; d'Avignon et al. 2006; Gloss 2007; Riley et al. 2007; 
Steinmetz et al. 2007).  These extensions are very important because a majority of 
proteins in biology exist as multi-subunit complexes.  However, increase in the 
complexity of the multimeric folding problem has dictated that most studies focus 
primarily on relatively small multimers (Jaenicke and Lilie 2000). 
 
Complexity of bimolecular kinetics.  As demonstrated in several monomeric 
proteins, pockets of tertiary structure often form in the individual subunits before the 
development of secondary, tertiary, and quarternary structure (Jaenicke and Lilie 2000). 
The addition of quartenary structure formation to the folding process leads to the question 
of whether each subunit must be completely folded before the coordination of the 
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functional protein or if the chains can fold together in a combined molten globule state.  
Multimeric systems that have been characterized to date have shown that both scenarios 
are possible and the kinetic order of the association reaction often depends on the nature 
of the interface between a given subunit.  For example, the subunits in some multimeric 
proteins fully acquire their tertiary structure before associating (Svensson et al. 2006a), 
while in other proteins formation of tertiary structure within each subunit occurs 
subsequent to oligomerization (de Prat-Gay et al. 2005).  Additionally, traditional 
relaxation kinetics cannot approximate the appropriate rates for the association reaction 
because of its bimolecular character (Bernasconi 1976).  Furthermore, if other steps of 
the folding reaction are highly coupled to its association, monomeric rate approximations 
will also be affected.  Thus, multimeric folding analysis is far more involved than simply 
adding another step to the reaction pathway. 
 
α-helical multimer folding.  The coiled coil is the simplest model that has been 
used to study oligomeric folding.  Studies on dimeric GCN4-pI, a peptide-based model 
system, showed that the folding mechanism is well-described by a simple bimolecular 
model (Zitzewitz et al. 1995; Zitzewitz et al. 2000; Knappenberger et al. 2002; Ibarra-
Molero et al. 2004).  However, the four orders in magnitude reduction  in the second 
order rate constant was interpreted in terms of a very rapid pre-equilibrium between coil 
and minor helix populations in each chain.  Folding appears two-state, but may involve 
an intermediate that associates and rapidly propagates to produce the native structures.  
Helical bundles, such as Rop proteins, show that tetramer forms through a dimer 
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association reaction between preformed dimers of two helices (Munson et al. 1997). 
These systems illustrate the complexity arising from coupling an association reaction 
with secondary and/or tertiary structure formation.  The formation of quarternary 
structure cannot be viewed simply as a final association step in folding, but must be 
considered as part of a coordinated process that integrates the formation of secondary, 
tertiary, and quarternary structure. 
 
α/β dimer folding trends.  Expanding upon the lessons learned from coiled coils, 
the folding mechanisms of several dimeric proteins with both alpha helical and α/β 
content have shown key trends in the development of their native structure.   Trp 
repressor folds via 3 parallel pathways and a dimeric intermediate (Gloss and Matthews 
1997; Gloss and Matthews 1998b; Gloss and Matthews 1998a). Further dissection of this 
highly intertwined dimer into a dimeric core identified inter-subunit helical packing to be 
the driving force of the folding reaction, as well as dictating the relative stabilities of 
several intermediates (Gloss et al. 2001; Simler et al. 2006).  Trp repressor and P22 arc 
repressor (Milla and Sauer 1994; Milla et al. 1995; Sauer et al. 1996) both show the 
acquisition of secondary structure and association concurrently.  The H2A/H2B histone 
heterodimer has a three-state mechanism with a rapid-appearing dimeric intermediate and 
dimer maturation is rate-limiting (Gloss and Placek 2002; Placek and Gloss 2002; Banks 
and Gloss 2003; Placek and Gloss 2005).  Glutathione transferases also involve fast 
association with a dimer intermediate (Wallace and Dirr 1999).   In each of the above 
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mentioned proteins formation of the dimer interface precedes mature structure in each 
subunit. 
 
Folding of β motif multimers. The current literature contains relatively few 
examples of multimeric folding mechanisms for proteins whose subunit structures are 
dominated by the β motif.  The low signal-to-noise in CD spectra of beta proteins, the 
less than optimal location of fluorescent probes, and the propensity for these proteins to 
aggregate complicates the already difficult task of dissecting tertiary and quarternary 
folding steps.  Human Cu, Zn apo-Superoxide Dismutase (Lindberg et al. 2004; Svensson 
et al. 2006b) and the antibody domain CH3 (Feige et al. 2004) both slowly form folded 
monomers prior to a fast dimerization process.  In contrast, the parallel folding pathway 
of the Human Papillomavirus protein involves a fast folding monomeric intermediate that 
either quickly folds to native or a non-native dimeric intermediate (de Prat-Gay et al. 
2005).  In the case of the two former proteins, the dimer is comprised of two distinct β-
barrels, while for the latter protein, β-barrel formation depends upon dimer association.  
Thus, it appears that the rate-limiting step in these folding pathways involves the contacts 
necessary for β-barrel formation. 
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Dissecting multimeric folding with monomer constructs 
 
The concept of autonomous folding units (AFUs) to study the folding of 
monomeric proteins has provided many insights into folding intermediates that may not 
be apparent in the cooperative folding, induced by chemical denaturants, of the whole 
protein that can spontaneously fold to a native-like structure.  An AFU is comprised of a 
segment of a protein, independently-folded from a single secondary structural element to 
an assembled subdomain.  These substructures of proteins have been suggested to be 
involved in both the nucleation and higher order assembly processes of protein folding 
(Peng and Wu 2000).  The thermodynamic stability of these AFUs, as well as their 
folding kinetics, has yielded valuable insights into the folding mechanisms of several 
monomeric proteins (Peng and Wu 2000).  While AFUs were originally isolated with 
limited proteolysis (Porter 1950), advances in protein engineering have enabled the 
construction and expression of AFUs as recombinant proteins (Zitzewitz and Matthews 
1999).   
 
AFUs to dissect monomer folding.  AFUs have been used to dissect the complex 
folding of both the alpha subunit of tryptophan synthase and DHFR.  In the case of the 
alpha subunit, N-terminal folding cores were generated utilizing recombinant DNA 
technology to systematically place stop codons after β-α-β modules (Zitzewitz and 
Matthews 1999).  These studies indicated that a stable core formed from the folding of 
amino acids 1-188 exhibited an apparent two-state equilibrium folding, but more complex 
 
 35
kinetics with two refolding phases.  The native state ensemble displayed a burst-phase 
that resembled an intermediate that is populated at 3 M urea in the full length protein.   
Additionally, the refolding kinetics of this fragment did not exhibit the slow, prolyl 
isomerization phases, suggesting that those phases could be attributed to the C-terminus.  
Fragments of DHFR were made by chemical cleavage of cysteine point mutations within 
the protein (Gegg et al. 1997).  Interestingly, even though the N-terminal residues 1-36 
are essential to the core of the full-length protein, a fragment comprising residues 37-159 
was able to form a stable, unique fold.  These studies were used to determine the roles of 
the adenine binding domain and the discontinuous loop domain in DHFR folding.  In 
both cases, a highly complex folding mechanism was teased apart by examining the 
folding of modular components. 
 
Creating stable monomer subunits.  Investigators have utilized the AFU approach 
with multimeric systems.  Since the association reaction in a multimer complicates 
kinetic analysis, a stable monomer construct that does not self-associate allows for the 
dissection of multimeric folding pathways.   A monomer of Trp repressor demonstrated a 
non-native structure in the transient, monomer intermediate of the folding pathway (Shao 
and Matthews 1998).  The monomer construct, consisting of two point mutations at the 
dimer interface, of a glutathione transferase, rGSTM-1, displays thermodynamic stability 
independent of dimerization, similar structural properties to a monomer subunit of the 
native dimer, but loss of catalytic activity (Thompson et al. 2006).  A similar approach 
was used in the study of the superoxide dismutase folding mechanism, where the folded 
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monomers were shown to undergo a diffusion-limited association reaction to produce the 
native dimeric forms (Svensson et al. 2006a).    The ability to dissect a multimeric system 
into its parts, by decoupling the subunit folding and the association reaction, has been 
exceedingly useful in understanding their complex folding mechanisms. 
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Scope of the thesis 
 
The goal of this thesis was to probe the folding and assembly of multimeric 
proteins.  Two very different proteins, HIV-1 protease and L. terrestris erythrocruorin, 
were studied as model systems.  HIV-1 protease is as dimeric protein comprised of two 
beta barrel subunits, with an interface dominated by a four-stranded beta sheet formed 
from the interdigitation of the N- and C- termini of this 99-residue protein (Figure1.6).  
The erythrocruorin is a very much larger protein, 3.5 ? 106 Da, consisting of twelve 
dodecameric hemoglobin subunits docked upon a scaffolding complex, whose core is 
formed with coiled coils (Figure 1.7).  As outlined below, these two proteins were studied 
in very different manners, but with the same basic goal of understanding how multimeric 
proteins fold to their functional forms. 
 
HIV-1 protease folding.  HIV-1 protease is the key protein the maturation of the 
HIV virus (Turner and Summers 1999).  HIV-1 protease is synthesized as part of the 
Gag-Pro-Pol polyprotein, and is the enzyme that cleaves both the Gag and Gag-Pro-Pol 
polyproteins into viral proteins.  A plethora of efforts have focused on designing 
inhibitors to this protein as part of developing new therapeutic treatments for AIDS.  
With the goal of studying the intricacies of folding of beta protein multimers, in 
particular those with beta barrel motifs, the folding mechanism of HIV-1 protease is the 
major focus of this thesis.  The folding of the full length dimer and a stable monomeric 
construct were studied using both equilibrium and kinetic folding methods with the goal 
of defining the folding energy landscape of HIV-1 protease. 
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Figure 1.6:  Crystal Structure of HIV-1 protease.  Shown is the unliganded crystal 
structure of an inactive variant of HIV-1 protease.  The molecule is a homodimer 
consisting of beta barrel subunits.  The dimer interface is comprised of an active aspartic 
acid and a beta sheet formed by the intertwining of the N- and C- termini of each subunit.  
The mutations that enhance thermodynamic reversibility (Q7K/D25N/C67A/C95A) as 
well as the intrinsic fluorophores (Trp6, Trp42, and Tyr59) are highlighted in one 
subunit. 
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Figure 1.7:  The 5.5 angstrom crystal map of erythrocrourin.  The majority of 
the complex is hemoglobin subunits docking on an inner scaffolding complex.  The Q 
dyad indicates the two-fold axis of symmetry and the P dyad represents the six-fold axis 
of symmetry.  The inner scaffold is composed of intertwining coiled coils, which may 
initiate the folding of this protein (Royer, 2000).   
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Coiled coils involved in assembly.  The erythrocruorin molecule provides 
extracellular, oxygen transport for the L. terrestris earthworm.  Due to its ability to exist 
outside the red blood cell, this hemoglobin analogue has been investigated as a potential 
blood substitute (Hirsch et al. 1997; Dorman et al. 2002; Harrington et al. 2007).  The 3.5 
Å resolution crystal structure shows that this protein is a dodecamer of dodecameric 
hemoglobin units assembled onto a scaffolding complex.  The scaffolding complex 
appears to be composed of intertwining linker chains with a coiled coil structure acting as 
the initiating unit of assembly.  Based upon the demonstrated role of coiled coils in other 
proteins and their example of simple subunit assembly, it was proposed that these 
substructures drive the assembly of the linker chain complex.   In this thesis, peptides 
corresponding to the segments of the linker chain coiled-coil region were synthesized, 
characterized, and mixed to examine their role in driving the assembly of the linker chain 
scaffold. 
Though these two proteins seem vastly different, common approaches to probing 
their folding mechanisms can provide useful insights into the development of higher 
order structure in biology.  Based upon the theme of folding and assembly, this thesis 
aims to advance the frontier of protein folding in multi-subunit complexes. 
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CHAPTER II 
 
THE FOLDING FREE ENERGY SURFACE OF HIV PROTEASE: 
MONOMER FOLDING CONTROLS THE FORMATION OF THE 
NATIVE DIMERIC β-BARREL 
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The following chapter is in preparation as the manuscript  
 “The Folding Free Energy Landscape of HIV-1 Protease: Monomer Folding Controls the 
Formation of the Native Dimeric β-barrel”  
A. A. Fitzgerald, O. Bilsel, Y. Wu, A. Kundu, J.A. Zitzewitz, and C. Robert Matthews 
 for submission to Journal of Molecular Biology. 
 
Contributions to the work are as follows: 
With the exception of data regarding the Trp variants, all of the data was collected and 
analyzed by Amanda A. Fitzgerald. 
Osman Bilsel developed the software for and guided the global analysis efforts, as well as 
helping to postulate a mechanism. 
Ying Wu helped determine the initial conditions for the study presented here and also 
provided insightful discussions regarding the project. 
Agnita Kundu created the Trp variants and collected and analyzed that data in 
conjunction with an HIV-1 protease mutational analysis that she is pursuing in the lab. 
Jill Zitzewitz provided guidance for experimental design and interpretation.  Jill also 
provided useful insights in the development of this manuscript. 
Bob Matthews served as the principal investigator on this project and has provided 
insightful analysis and discussions of the studies presented here. 
 
 43
Abstract 
 
 
The folding energy landscape of HIV-1 protease, the viral enzyme responsible for 
HIV viral maturation, has been explored using traditional protein folding methods, as 
well as a global analysis of the folding kinetics.  HIV-1 protease is a homodimer 
consisting of two β-barrel subunits; each subunit contains 99 residues and has a 
molecular weight of 21 kDa.   In this study, equilibrium folding of HIV-1 protease, 
monitored using both circular dichroism and fluorescence spectroscopy, displayed an 
apparent two-state behavior.  The kinetics of the folding reaction were probed as a 
function of both urea and protein concentration and monitored via manual-mix circular 
dichroism and stopped-flow fluorescence methods.  A chevron analysis of the kinetics 
revealed that folding of monomers limits access to the dimeric native state in a three-state 
sequential pathway folding mechanism.  Global analysis of the entire kinetic data was 
used to quantitatively test this mechanism and obtain microscopic rate constants 
corresponding to the monomer folding rate (4.7× 10-2 s-1) and the association rate (1.0 × 
106 s-1M-1) at pH 6.0 and 25 ºC.  The thermodynamic parameters obtained from this 
global fit were used to simulate the populations of all species in both equilibrium and 
kinetic conditions.  To further discriminate monomer kinetics from dimerization kinetics, 
the folding reaction of a monomeric HIV-1 protease construct containing a C-terminal 
deletion of the last 4 residues was also characterized.  The isolated monomer folding 
reaction studied with this construct suggested that an additional fast folding phase, 
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observed in both monomeric and dimeric constructs, represents a localized folding event 
in the monomer chains.  This combined analysis revealed that HIV-1 protease folds via a 
four-state, sequential folding mechanism. 
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Introduction 
 
 
HIV-1 protease.  The infection by human immunodeficiency virus (HIV), leading 
to acquired immunodeficiency syndrome, AIDS, has come to the forefront as a global 
public health crisis since the initial identification of this disease twenty-five years ago.  
HIV-1 protease, the viral enzyme belonging to the aspartyl protease family, is responsible 
for the maturation of HIV through the proteolytic cleavage of the viral Gag and Gag-Pro-
Pol polyproteins thereby releasing the structural proteins and functional enzymes.  As 
such, HIV-1 protease is a therapeutic target in the treatment of AIDS (Kohl et al. 1988).  
The sequences of the cleavage sites within the Gag and Gag-Pro-Pol are highly variable 
(Chou 1996).  Structural studies have demonstrated that HIV-1 protease attains its 
specificity for its substrates from a consensus asymmetric substrate shape known as the 
“substrate-envelope” (Prabu-Jeyabalan et al. 2002).   
 
Drug resistant HIV-1 protease.  Structure-based drug design has guided the 
leading efforts in developing the first generation of HIV-1 protease inhibitors (Wlodawer 
and Erickson 1993).  Though these inhibitors initially showed great promise, the 
infidelity of the reverse transcriptase coupled with a high viral multiplicity rate resulted 
in multiple HIV-1 protease variants that maintained proteolytic activity, yet were drug-
resistant (Chen et al. 1994; Gulnik et al. 2000; Wu et al. 2003).  In response to this 
setback, a wealth of structural information has improved the understanding of the drug 
resistance mechanism.  The second generation of inhibitor design has, in fact, built upon 
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the progress in the molecular-level understanding of the mechanism by which an enzyme 
can acquire drug resistance while maintaining specificity for nine different catalytic sites 
(Mahalingam et al. 2001; King et al. 2004; Ozer et al. 2006).    
  
 Drug resistance and the HIV-1 protease free energy landscape.  The presence of 
both active site and non-active site mutations (Ohtaka et al. 2003) in these variants 
suggests that the change in activity may arise from an altered free energy landscape of 
accessible HIV-1 protease conformations (Martin et al. 2005).  This idea of differential 
perturbations in the HIV-1 protease conformational ensemble is supported by the 
application of the protein folding landscape theory to ligand binding (Kumar et al. 2000).  
Crystal structures detailing a crucial “intermediate” conformation of the HIV-1 protease 
flap tips during substrate binding further confirm this role of conformational changes in 
drug resistance (Prabu-Jeyabalan et al. 2006).    
A common hypothesis has suggested that drug-resistant HIV-1 protease variants 
arise as a consequence of the native ensemble conformational plasticity that may allow 
for population shifts favoring enzymatic activity.  Proteolytic enzymes, especially 
aspartyl proteases (Guruprasad et al. 1995), have been shown to operate through 
conformational selection (Fairlie et al. 2000).  Molecular dynamics simulations have 
postulated that the catalytic efficiency of HIV-1 protease is not limited to the active site, 
but due to mechanical fluctuations of the whole protein (Piana et al. 2002).  Moreover, 
calculations of the reaction path between two alternate ligand-free HIV-1 protease 
conformations have shown that the small free energy difference between the “closed” and 
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“open” conformations of the flap region allows for mutations, thermal changes, and 
substrate binding to alter the protein stability (Rick et al. 1998).  Hence, an experimental 
examination of the HIV-1 protease folding free energy landscape could add detailed 
insights into the importance of the HIV-1 protease conformational ensemble. 
 
Structure of HIV-1 protease.  Each subunit of the homodimer HIV-1 protease 
(Figure 2.1a) contains ninety-nine residues and is comprised of nine β-strands and one α-
helix.  β-strands two through eight are involved in the formation of a jelly-roll β-barrel 
topology within one subunit.  The dimeric interface nestles the active site and is 
stabilized by an anti-parallel β-sheet formed by the interdigitation of the N- and C-
termini of each subunit (Figure 2.1b).  Interactions at the subunit interface contribute 
additional stability to the dimer (Wlodawer et al. 1989).  Nuclear magnetic resonance 
spectroscopy (NMR) studies of HIV-1 protease variants have demonstrated that key 
mutations will disrupt the monomer-dimer equilibrium to shift the population 
predominantly toward monomer (Ishima et al. 2001; Ishima et al. 2003; Louis et al. 
2003).  Also, deletion of the C-terminal beta strand of HIV-1 protease produces a folded 
monomer in solution (Ishima et al. 2003).  This truncated monomer construct is 
disordered at the N- and C-termini, as well as the flap tips; the active site is solvent-
exposed (Ishima et al. 2003).    
 
 Thermodynamics of HIV-1 Protease.  Several investigations have examined the 
thermodynamic properties of HIV-1 protease under a variety of conditions.   Meek and  
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(a) (b) 
 
Figure 2.1: Structure and Topology of HIV-PR.  (a) The crystal structure of 
unliganded, homodimer, D25N HIV-1 (1TW7) protease shows two β−barrel subunits 
with a dimerization interface comprised primarily of an anti-parallel β−sheet formed 
from the interdigitation of the N- and C- termini of each subunit.  The flaps (residues 43-
56) at the top of each barrel are in an “open position” with respect to each other.  Mutated 
residues in the wild-type HIV-1 protease and FL chromophores are shown in stick model 
representation and are indicated in one subunit of the structure by residue number: Q7K 
(yellow), D25N (purple), C67A and C95A (green), Tyr59 (magenta) and Trp6 and Trp42 
(cyan).  (b) The topology map of one subunit has a jelly-roll beta barrel topology.  
β−strands are indicated with arrows, the helix is represented by a coil, and loop regions 
are displayed with lines.  Strands are numbered successively and the corresponding N- 
and C-terminal residues are shown on the side of the strand.  Dashed arrows indicate the 
N- and C- terminal beta strands from the interacting subunit.   
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co-workers have shown that the conformational stability of HIV-1 protease is greater than 
that of SIV-1 protease, and that inhibitor-binding causes a substantial increase in stability 
for HIV-1 protease (Grant et al. 1992).  Assays involving binding of inhibitor have 
demonstrated that the slow dissociation of HIV-1 protease is strongly pH dependent 
(Darke et al. 1994).  Sedimentation equilibrium studies have further elucidated a 
connection between drug-resistant mutations that arise in HIV-1 protease and a reduction 
in dimer stability compared to wild-type (Xie et al. 1997).  Freire and co-workers have 
provided an analysis of stabilization energetics with differential scanning calorimetry, 
defining the dimerization interface as the major contribution to the Gibbs free energy 
(Todd et al. 1998).  A few kinetics studies have implied local unfolding interactions of 
HIV-1 protease (Panchal and Hosur 2000; Panchal et al. 2001).  Although these studies 
have clarified aspects of thermodynamic and kinetic folding properties of HIV-1 
protease, a comprehensive knowledge of its folding landscape remains elusive. 
 
Motivation for the current study.  A host of studies have defined the folding 
pathways of β-barrel monomers (Carlsson and Jonsson 1995; Clark et al. 1996; Burns et 
al. 1998; Capaldi and Radford 1998; Clark et al. 1998; Eyles et al. 1999; Covalt et al. 
2001; Gunasekaran et al. 2001; Feige et al. 2004), but there have been only a few detailed 
analyses of dimeric β-barrel folding mechanisms to date, including human apo-Cu, Zn 
superoxide dismutase  (SOD) (Lindberg et al. 2004; Svensson et al. 2006a), the antibody 
C-terminal domains of IgG (CH3) (Thies et al. 1999), and human papillomavirus E2 
transcriptional regulator DNA binding domain (HPV domain) (de Prat-Gay et al. 2005).  
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The folding landscape of SOD, a dimer comprised of two β-barrel subunits, involves the 
unfolded chain, slow folding to an obligatory monomeric intermediate, and rapid near 
diffusion-limited formation of the native dimer in a sequential pathway (Svensson et al. 
2006a).  Similarly, the antibody domain CH3, a dimeric β-sandwich homodimer that is a 
simple model system for studying immunoglobin folding and assembly, exhibits a folding 
mechanism with a rate-limiting monomer formation followed by fast dimer association 
(Thies et al. 1999).  A trans to cis prolyl isomerization reaction in the monomer is 
required prior to dimerization in this system.  In contrast, the parallel folding pathway of 
the HPV domain, which forms a β-barrel upon dimerization, proceeds through a fast-
folding monomeric intermediate that folds either directly to the native state or to a non-
native dimeric intermediate, which subsequently rearranges to the native state (Mok et al. 
1996; Mok et al. 2000; de Prat-Gay et al. 2005).  
Although HIV-1 protease is also a β-barrel dimer with an apparent two-state 
folding equilibrium (Grant et al. 1992; Todd et al. 1998), the existence of a stable 
monomeric form (Ishima et al. 2003) suggests that its kinetic folding mechanism may 
also involve a monomeric intermediate.  Computational simulations of HIV-1 protease 
folding have suggested a sequential folding pathway involving the unfolded chains, a 
monomeric intermediate, and the native dimer (Levy et al. 2004; Broglia et al. 2005).  In 
an effort to define the energetics of the HIV-1 protease folding landscape, an analysis of 
the equilibrium and kinetic folding properties of HIV-1 protease is presented.  An 
inactive variant, D25N, provides an excellent model system for investigating the 
thermodynamic properties of HIV-1 protease, as it ensures reversibility while 
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maintaining biological relevance (Prabu-Jeyabalan et al. 2000; Katoh et al. 2003). Global 
analysis of the folding kinetics for the mature dimer, coupled with insights gained from 
the folding of a monomer construct, has illustrated the presence of monomeric 
intermediates in the HIV-1 protease folding energy landscape. 
 
 52
Materials and Methods 
 
 
Standard buffers and reagents.  Lysis buffer contained 20 mM Tris hydrochloride, 
1 mM sodium EDTA, pH 8.0.  The purification buffer consisted of the lysis buffer with 
the addition of 7 M guanidine hydrochloride.  The standard buffer for all folding 
experiments was 100 mM sodium phosphate, 0.2 mM EDTA, pH 6.0.  Guanidine 
hydrochloride (98% purity) purchased from J. T. Baker Chemicals (Philipsburg, NJ) was 
used for purification.  G75 Sephadex was used as the matrix for the sizing column during 
purification.  Ultrapure urea was purchased from MP Biomedical (Solon, OH).  All other 
reagents were of standard molecular biology grade. 
 
Protein expression and purification.  A synthetic gene encoding for HIV-1 
protease containing the mutations Q7K/D25N/C67A/C95A was the kind gift of Dr. Celia 
Schiffer.  A double-stop codon was introduced to create the C-terminal deletion construct 
using the Stratagene Quick Change protocol.  The vector pET11A was used for 
mutagenesis and maintenance of the gene in XL1 blue E. coli cells.  DNA sequencing 
was performed at the University of California at Davis sequencing center.   Protein was 
expressed using the E. coli pXC35 vector in the TAP 106 cell line, as previously 
described (King et al. 2002).   
 Inclusion bodies were purified from the cell lysate at 4 °C in standard lysis buffer 
following two rounds of sonication and washed in 2 M urea in the standard lysis buffer.  
The protein was unfolded from the inclusion bodies in purification buffer for one hour at 
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4 °C.  Following overnight dialysis against the purification buffer at 4 °C, the protein was 
loaded onto a G75 Sephadex sizing column.  Pure fractions, as determined by SDS-
PAGE, were pooled and refolded by four rounds of dialysis against experimental buffer.  
Purified protein was then centrifuged and filtered to remove impure aggregates.  Purity 
was assessed at > 98% by mass spectrometry.  Protein was stored in experimental 
standard buffer at 4 °C. 
  
 Determination of protein concentration.  The absorbance of tryptophan and 
tyrosine residues at 280 nm was monitored using an Aviv 14DS UV-VIS spectrometer.  
The extinction coefficient of HIV-PR was determined using the method of Gill and von 
Hippel (Gill and von Hippel 1989).   Protein was unfolded before measuring the 
absorbance so that all protein concentrations are expressed in terms of the monomer 
concentration.  The protein concentration was then calculated by the absorbance at 280 
nm using an extinction coefficient of 12700 M-1cm-1. 
 
Equilibrium studies.  The protein was manually unfolded in incrementing 
concentrations of urea in experimental buffer to the same final protein concentration for 
each titration.  Samples were equilibrated overnight.  Unfolding changes were monitored 
with both CD and FL at 25 °C.  Temperature was controlled using a Peltier controller.  
Each CD spectrum reflected the average of three spectra taken from 330 nm to 215 nm on 
a Jasco J810 CD spectrophotometer, with a 2.5 nm bandwidth, a scan rate of 20 nm/min, 
and an 8 s response time.   FL emission spectra were taken on a Photon Technology 
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International fluorimeter equipped with single-grating excitation and emission 
monochromators.  The excitation wavelength was 295 nm, and emission was monitored 
from 300 to 500 nm.  Savuka, an in-house non-linear least-squares fitting software, was 
used to fit equilibrium unfolding data using two- and three-state dimeric thermodynamic 
models (Gloss and Matthews 1998b; Doyle et al. 2004).  Global analysis of all 
wavelengths utilized singular value decomposition for data reduction as previously 
described (Henry and Hofrichter 1992; Gualfetti et al. 1999). 
 
Kinetic studies.  Manual-mix kinetics, with a dead-time of 5 s, were initiated by a 
10-fold dilution into various final concentrations of urea with buffer and monitored via 
CD on a Jasco J810 CD spectrophotometer.   Stopped-flow kinetics, with a dead-time of 
5 ms, were initiated by a 6-fold dilution with urea or buffer using an Applied 
Photophysics Stopped-Flow Fluorimeter (model SX.18MV).  Tryptophan fluorescence 
was detected with a 320 nm emission cut-off filter following excitation at 280 nm, and 
temperature was controlled at 25 °C using a recirculating water bath.  To compensate for 
pressure-related instrument artifacts associated with driving the syringes, the first 50 ms 
of each kinetic trace was deleted prior to analysis.  All kinetic traces were fit to a constant 
plus a series of exponentials, A(t) = A(∞) + Σ∆Aiexp(-t/τi).  Each τi was plotted as a 
function of urea concentration to provide a chevron analysis of the folding reaction 
(Matthews 1987).   
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 Global analysis methods.  Raw kinetic unfolding and refolding FL traces across 
the protein and urea concentration dimensions were globally fit to several different 
kinetic folding mechanisms using a Levenberg-Marquardt non-linear least squares fitting 
algorithm in an in-house fitting package, Savuka.  The kinetic rate equations in each case 
were solved by numerical integration using a Runge-Kutta algorithm with adaptive step 
size (Zitzewitz et al. 1995; Bilsel et al. 1999b).  Kinetic traces were logarithmically 
averaged and then fit simultaneously using an iterative procedure previously described 
(Svensson et al. 2006a).  Adjustable global, i.e. linked, parameters in the Marquardt-
Levenberg optimization consisted of the microscopic rate constants, the kinetic m-values, 
the baselines for the native and unfolded states, and the Z-values, a normalized measure 
of to what degree the intermediate resembles the unfolded state, 
.  Additionally, a local scaling parameter and an offset 
parameter were used for each kinetic trace to compensate for small (<10%) variations in 
protein concentration and instrumental offsets not corrected by blank subtraction.   
)/()(
22 NUNI
YYYYZ −−=
Each optimization began by solving for the equilibrium concentration of all 
species under the starting conditions.  For refolding traces the starting conditions were 
typically unfolding conditions and for unfolding traces the starting conditions were 
typically strongly folding conditions.  The rate equations were solved using the same 
kinetic parameters under the final conditions and the calculated kinetic trace was 
compared with the experimental data.  This iterative procedure was repeated until the 
kinetic parameters were optimized. The goodness of fit was evaluated by the randomness 
of the residuals and the reduced-χ2.    
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Results 
 
 Secondary and tertiary structural probes of HIV-1 protease folding.  An inactive, 
pseudo-wild-type HIV-1 protease ( ), containing the mutational background 
Q7K/D25N/C67A/C95A (Figure 2.1a), was used as template for these folding studies.  
The Q7K mutation decreases autoproteolysis in active protease variants (Rose et al. 
1993).  The D25N substitution eliminates activity (Babe et al. 1992; Prabu-Jeyabalan et 
al. 2000) and insures thermodynamic reversibility of the system by eliminating 
autoproteolysis.  Finally, the C67A and C95A mutations eliminate adverse effects of 
cysteine oxidation and also enhance the reversibility of the system.  The intrinsic FL 
chromophores in  are Trp6, Trp42, and Tyr59 (Figure 1a).  Trp6 is near the 
dimerization interface, while Trp42 and Tyr59 are near the flap tips (Lys45-Ile54).  Both 
the Trp residues are conserved across all of the HIV-1 protease sequences.  
D25NPR-HIV
D25NPR-HIV
 The secondary structure of  was probed by CD spectroscopy.  An 
MRE of -4500 deg cm
D25NPR-HIV
2 dmol-1 was observed at the 218 nm minimum (Figure 2.2a), a 
characteristic CD wavelength for β−sheet proteins (Greenfield 2004).   The reduced 
signal of β-structured proteins compared to α-helical proteins, makes it possible to detect 
a small peak near 230 nm and a broad, near-UV peak at 270 nm.  The minimum at 230 
nm may reflect exciton coupling between Trp42 and Tyr59 (Woody 1994), and the broad 
peak at 270 nm reflects aromatic packing interactions within the protease.   
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Figure 2.2:  CD and FL spectral characteristics of HIV-PR.  (a) CD spectra and (b) 
FL spectra of HIV-PR 1-99 (solid lines) and m-HIV-PR 1-95 (dashed lines).  HIV-PR 
spectra are shown under native (black) and unfolded (red) conditions.  The unfolded FL 
spectra for the monomer and dimer constructs superimpose. 
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Unfolding in 6 M urea results in a CD spectrum lacking these three features, consistent 
with a random-coil-like structure lacking significant secondary and tertiary structure.  
ith 
lds a maximum 
missio
) 
d 121 
 area in the n
 
Similar to other β-structured proteins, the signal change observed upon unfolding is 
significantly smaller compared to the changes observed for proteins of a similar size w
predominantly alpha-helical content (Carlsson and Jonsson 1995).  
 The dimeric HIV-1 protease exhibits a maximum FL emission peak at 347 nm 
upon excitation at 295 nm (Figure 2.2b).  Unfolding in 6 M urea yie
e n peak at 353 nm, slightly red-shifted and decreased with respect to the native 
dimer.  Consistent with the relatively red-shifted native emission spectrum, DSSP 
calculations of the unliganded D25NPR-HIV  crystal structure (Kabsch and Sander 1983
indicate that Trp6 and Trp42 are relatively exposed, having respectively, 168 Å2 an
Å2 of solvent accessible surface ative state.  Compared with the most solvent 
exposed residue, Arg41, Trp6 is 77% solvent exposed and Trp42 is 56% solvent exposed. 
Thus, this small shift in FL emission suggests that either one or both of the tryptophans 
becomes slightly more solvent exposed upon unfolding.   
 
 Equilibrium unfolding.  D25NPR-HIV  equilibrium unfolding was observed as a 
function of urea denaturation.  of refolding and unfolding equilibrium urea 
 
rmodynamic
A comparison 
titrations (Figure 2.3) showed greater than 95% folding reversibility.  PR-HIV  urea
titrations were studied across a protein concentration range of 5 µM to 60 µM and 
monitored with both CD and FL to better quantify dimer unfolding the s and 
D25N
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Figure 2.3: Reversibility of HIV-PR folding.  The equilibrium folding transition, in  
00 mM sodium phosphate, 0.2 mM EDTA, pH 6.0, at 25 ºC, monitored by CD at 230 
ed 
 
1
nm is shown as a function of urea concentration.  Native (black circles) and unfolded (r
circles) HIV-PR was equilibrated in incrementing amounts of urea before measurement
of the unfolding transition. 
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Figure 2.4: Equilibrium folding properties of HIV-PR.  Equilibrium unfolding 
changes, in100 mM sodium phosphate, 0.2 mM EDTA, pH 6.0, at 25 ºC, at local 
obing 
ions at 
 
wavelengths fit best to a two-state model, N2 ? 2U.  Fits (solid lines) are shown pr
the secondary, β−sheet structural changes at 220 nm (a), aromatic packing interact
(b) 230 nm, and (c) 270 nm, and local changes involving the FL probes at 350 nm (d).  
Monomer protein concentration was 30 µM.   
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to potentially facilitate discrimination between monomeric and dimeric unfolding 
ansitions.  Local fits of individual titrations at a single wavelength (Figure 2.4) were fit 
 a two-state model, N2 ? 2U.  Wavelengths were chosen on the basis of relevant 
in the 
nges 
)  of 
 
a mposition (SVD) analysis.  This data reduction algorithm 
d 
oise 
a  
tr
to
structural probes; CD at 218 nm reflected overall secondary structural changes with
β-barrel, CD at 230 nm and CD at 270 nm were indicative of changes in aromatic 
packing induced by unfolding, and FL at 350 nm reported on the local structural cha
around the intrinsic Trp probes.  Thermodynamic parameters from the individual two-
state (N2 ? 2U) fits of each data set agreed within error, with an average ∆G°(H2O
13.0 ± 1.0 kcal (mol dimer)-1 and an average m, or urea sensitivity, value of 2.5 ± 0.5 kcal
(mol dimer)-1 M-1.  The free energy for unfolding of the dimer is reflective of protein 
stability and the urea sensitivity is indicative of exposure of buried surface area upon 
unfolding. 
 A global fit of both CD and FL data that reflected all spectroscopic changes 
observed for D25NPR-HIV  equilibrium folding was also performed using the vectors 
from singul r value deco
provides the minimum number of statistically significant orthonormal basis spectra 
necessary to provide a least-squares description of the entire data set (Henry and 
Hofrichter 1992).  By rejecting signal changes uncorrelated along the wavelength an
denaturant axes, this analysis method also provides a way to filter out experimental n
and improve the signal-to-noise of D25NPR-HIV  spectroscopic signals.  SVD dat
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able 2.1: Thermodynamic Parameters Obtained from Equilibrium Titrations or 
lobal Analysis of the Kinetic Data 
Method ∆G°(H2O)a Urea Dependence (m)a
 
 
T
G
 
Dimer Three-State 13.89 ±0.08 kcal (mol 2.5 kcal ± 0.04 (mol 
Kinetic dimer)
-1 dimer)-1 M-1
Dimer Two-State 
Eq  
-1
2.85 ± 0.07 kcal (mol 
-1 -1
14.15 ± 0.21 kcal (mol 
dimer) dimer)  Muilibrium
Monomer Two-State 0.579 ± 0.10 kcal mol-1 1.09 ± 0.13 kcal mol-1 M-1
Kinetic  
Monomer Two-State 1.35 ± 0.05 kcal mol-1 1.45± 0.24 kcal mol-1 M-1
Equilibrium 
 
a  sta n t
two-state dimeric (2U ? N2) or monomeric (U ? M) model for  and 
 Kin wer
analysi  FL kinetics and the chevron analysis of .  
rrors were propagated for the kinetic thermodynamic parameters. 
The reported errors are the ndard errors obtained i he fit of each data set to a 
D25NPR-HIV
99∆96
D25NPR-IV
− , respectively. 
s of D25PR-HIV
etic thermodynamics e obtained from a global H
N
99∆96
D25NPR-HIV
−
E
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Figure 2.5:  Fraction unfolded protein (Fapp) plots of the SVD equilibrium unfolding 
CD and FL vectors fit globally to a two-state process.  Fraction unfolded plots of CD 
(circles) and FL (triangles) SVD vectors overlay at individual protein concentrations, 
suggesting that the observed folding is two-state.  Representative concentrations of 5 µM 
(black), 30 µM (red), and 60 µM (blue) display the expected protein concentration 
dependence of the transition midpoint for a dimer. 
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reductions for each set of CD and FL spectra for a particular titration were performed 
separately.  A total of four significant SVD vectors, two from CD and two from FL, were 
considered significant based on the degree of randomness, the autocorrelation and the 
singular values for a given vector.  A total of twenty SVD vectors, from five different 
protein concentration titrations, were fit globally to a two-state (N2 ? 2U) equilibrium 
model and provided robust equilibrium thermodynamic parameters (Table 2.1).  There is 
little evidence for an equilibrium folding intermediate because the CD and FL 
equilibrium transitions for any given protein concentration overlay within error, and the 
SVD analysis of both methods resulted in only two significant vectors per method.  
While it is mathematically possible to have only two vectors yet still be three-state, the 
requirement that the intermediate be either native-like or unfolded-like, is physically 
unlikely.  The fraction apparent plot of the combined CD and FL fits (Figure 2.5) 
displays the expected protein concentration dependence of the transition midpoint for a 
dimeric system (Neet and Timm 1994).  The equilibrium folding of  fit best 
to an apparent two-state process between native dimer and unfolded monomer with a ∆G° 
in the absence of denaturant, or overall stability, of 14.15 ± 0.21 kcal (mol dimer)
D25NPR-HIV
-1 and 
an m value, or urea sensitivity, of 2.85 ± 0.07 kcal (mol dimer)-1 M-1, based upon a global 
fit of both CD and FL SVD vectors.  These values are in agreement with previous 
equilibrium studies of active protease, including 14 kcal (mol dimer)-1 (Grant et al. 1992) 
and 12 to 15 kcal (mol dimer)-1 (Todd et al. 1998), suggesting that this inactive variant of 
HIV-1 protease is a relevant model in which to study the folding mechanism. 
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concentration range, τ2 becomes the rate-limiting phase at nanomolar protein 
concentrations. 
 Chevron analysis.  The unfolding (Figure 2.6a) and refolding (Figure 2.6b) 
kinetics monitored by CD displayed a single, slow kinetic phase (Figure 2.7a).  The 
absence of a CD burst-phase signal suggests that all of the expected refolding and 
unfolding CD amplitudes are observable in the manual mixing experiments and that more 
rapid reactions (τ<10 s) exhibiting a CD signal are not present.  A semi-log plot of the 
relaxation times versus urea concentration shows classical chevron behavior, having a 
peak near the equilibrium denaturation midpoint and linear slope on either side of the 
peak on the semi-log plot (Figure 2.7a).  However, no protein concentration dependence 
in the refolding kinetics over the 1 µM to 12 µM concentration range, as might be 
expected given the absence of a burst-phase, was observed.  Either dimerization has 
occurred within the burst-phase without significant secondary structure formation or the 
bimolecular association step is rate-limited by a prior unimolecular monomer folding 
reaction.  The inherently weak CD signal of the β-barrel motif, the limited S/N of the CD 
technique itself and the limited solubility of the protein precluded carrying out CD 
studies covering a wider protein concentration range.  Therefore, fluorescence 
spectroscopy was used to further elucidate the folding mechanism. 
 The enhanced sensitivity of fluorescence relative to CD permitted kinetic studies 
to performed using stopped-flow techniques, which provided approximately two orders 
of magnitude greater time resolution over the manual mixing CD studies.  Monitoring 
tryptophan fluorescence, three exponential phases (Figure 2.6c), slow (τ1), intermediate 
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Figure 2.6: HIV-PR Folding Kinetics.  (a) Manual-mixing CD unfolding kinetics fit 
best to one exponential, (b) Manual-mixing CD refolding kinetics fit best to one 
exponential, (c) SFFL unfolding kinetics fit best to three exponentials, and (d) SFFL 
refolding kinetics fit best to three exponentials. 
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Figure 2.7: Chevron Analysis of HIV-PR Folding Kinetics.  (a) Relaxation times (τ), 
extrapolated from an exponential fit of the kinetic traces at a 4 µM final protein 
concentration were plotted as a function of final urea concentration.  All symbols are 
open for refolding and closed for unfolding.  Manual-mixing kinetic traces observed by 
CD at 230 nm displayed single exponential behavior (circles).  Stopped-flow kinetic 
traces monitored by FL >320 nm, with λexc = 280 nm, fit to three exponentials in both 
refolding and unfolding; the phases are represented in as follows: τ1 in circles, τ2 in 
squares, and τ3 in triangles, protein concentrations in blue 4 µM, red 12 µM, and pink 0.1 
µM.  (b) Relaxation times for refolding to 1 M urea are shown as a function of protein 
concentration.  Of the three observed refolding phases, only τ2 exhibited a protein 
concentration dependence.  While τ2 is not rate limiting in the micromolar protein (τ2), 
and fast (τ3), were detected in stopped-flow FL unfolding kinetics (Figure 2.7a).  All of 
the unfolding phases exhibited semi-logarithmic behavior, with exponential decreases in 
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relaxation times with increasing urea concentration (Matthews 1987).  The FL slow phase 
(τ1) accounted for 85% of the total FL amplitude and was coincident in relaxation time 
with the single CD phase, suggesting that this unfolding phase reflects the predominant 
loss of structure in  unfolding.  The intermediate (τD25NPR-HIV 2) and fast (τ3) phases 
contributed 12% and 3%, respectively, of the total FL amplitude (data not shown).  
Furthermore, the unfolding kinetics were independent of protein concentration, 
demonstrating the expected unimolecular nature of the unfolding reaction. 
 Refolding kinetics also displayed three exponential phases by FL (Figure 2.6d): a 
slow (τ1), intermediate (τ2), and fast (τ3) phase (Figure 2.7a).  Because no burst-phase 
was detected by CD manual-mixing kinetics, the faster kinetic phases may correspond to 
local structural changes in the vicinity of one or both of the tryptophans and are not 
accompanied by significant changes in secondary structure.  As discussed below, one or 
both of the faster phases may reflect the inaccuracies of attempting to fit bimolecular 
reactions to exponentials.  As in the manual-mixing CD experiments, the slowest phase, 
detected as a single exponential by CD and the predominant FL phase (τ1), was protein 
concentration independent.  The presumed rate-liming folding step, in the absence of urea 
had a relaxation time of 8.5 seconds.   
 Key insights into the folding mechanism were obtained from the intermediate FL 
phase (τ2), which displayed protein concentration dependence (Figure 2.7b).  At final 
protein concentrations above 4 µM, this phase contributed ~12 % of the amplitude and 
had relaxation times in the absence of urea that were 4 seconds faster than the presumed 
rate-limiting step.  However, when the final protein concentration was decreased to 1 
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µM, the kinetic traces were difficult to fit to three exponentials, suggesting that the τ1 and 
τ2 kinetic phases were too similar to permit discrimination.  Only when the protein 
concentration was dropped to 100 nM did this phase become rate-limiting in forming the 
native dimer.  Consistent with this decrease in reaction rate, the contribution of this phase 
to the total amplitude increased to 55%.  At nanomolar concentrations the association 
reaction (presumably approximately manifested by the τ2 phase) is slowed sufficiently to 
become comparable to the monomer folding rate.  This disappearance of the protein 
concentration dependence at micromolar protein concentrations and dominant amplitude 
of the slowest refolding phase are consistent with monomer folding becoming rate-
limiting to forming the native state.  The association reaction following monomer folding 
is presumably significantly more rapid at micromolar concentrations.  The slow FL phase 
(τ1) contributed less than 5% of the refolding amplitude at nanomolar concentrations and 
exhibited the same time constant when the intermediate FL phase (τ2) became rate-
limiting, suggesting that τ1 precedes τ2 as a monomer folding step occurring before the 
bimolecular association.  The fast FL phase (τ3) was also protein concentration 
independent, but contributed less than 5% of the amplitude. The role of this phase was 
unclear from the chevron analysis, requiring that further analysis (see below). 
 Based upon the chevron analysis, a number of models can be postulated.  The 
simplest folding models are sequential, and this type of behavior is consistent with the 
equal number of phases observed in the chevron for both unfolding and refolding 
reactions.  The concentration independence of the dominant refolding phase at 
concentrations down to several hundred nanomolar, and the persistence of the τ1 phase at 
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nanomolar concentrations, when association is rate-limiting, is consistent with a folding 
mechanism in which a unimolecular monomer folding step precedes the bimolecular 
association step.  The simplest kinetic model consistent with the main features of the 
observable kinetics is 2U ? 2M ? N2, where U represents an unstructured monomer, M 
is a folded monomer and N2 is the dimeric native state.  This model does not explicitly 
account for the minor fast phases that may reflect folding either prior to or subsequent to 
folding of the mature monomer, as discussed below.   
 
 Global analysis.  The ability of the kinetic model, 2U ? 2M ? N2, to describe 
much of the available raw data was tested using a non-linear least squares fitting 
algorithm that simultaneously fit 96 kinetic traces.  Both protein and urea concentration 
dimensions were included in the fit to provide a comprehensive test of the mechanism.  
As shown in Figure 2.8, the model provides a very good description of the data over the 
100 ms to 100 s time range and over the 50 nM to 5 µM protein concentration range.  The 
quality of the fits, the robustness of the chi-square minimum and the parameter values 
give support to the validity of the model.  The monomer refolding, monomer unfolding, 
and dimer dissociation microscopic rate constants were in agreement with the chevron 
(Figure 2.9a).  A rigorous analysis of the bimolecular phase (Figure 2.9b), revealed a 
confidence interval of ± 0.5 ? 106 M-1 s-1.  Although models including additional steps 
(Scheme 2.1) were also performed, a statistical comparison of the reduced χ2 values 
confirmed that the simplest model, 2U ? 2M ? N2 (Model 4 in Scheme 2.1) provided 
the most statistically significant description of the data.  The reduced χ2 value improve 
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Figure 2.8: Global Analysis of HIV-PR Folding Kinetics.   Representative fits of the 
data to the 2U ? 2M ? N2 model are shown.  (a) Unfolding kinetics between 2.4 M and 
4.2 M urea at 4 µM protease.  (b) Refolding kinetics between 0.6 M and 2.0 M urea at 4 
µM protease.  (c) Refolding kinetics to 1.0 M urea at increasing protein concentrations.  
This model describes the data equally well across all 96 kinetic unfolding and refolding 
traces.   
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Model 1 
 
2U ? 2I ? D2 ?N2
Model 2
 
2U ? 2I ? 2M ? N2
 Model 3 
 
2U ? 2I ? N2* ? N2
Model 4
 
2U ? 2M ? N2
 
 
 
 Scheme 2.1: Putative Models Based on Chevron Analysis.  Four sequential models 
were postulated based upon the observed kinetic phases (Figure 2.7a) and the respective 
trends for each phase.  U represents the unfolded polypeptide chain, I represents an early 
folding monomeric intermediate, M represents a late folding monomeric intermediate, D2 
represents a dimeric intermediate, and N2* represents a native dimer that undergoes a 
rapid rearrangement. 
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20-fold for a three-state model with a monomer intermediate compared with a two-state 
model with two unfolded chains and the native dimer.  However, with four-state models 
the χ2 values never improved more than 5%, indicative of overparamaterization. An F-
test of the χ2 values for these models suggests that less than 5% change was not probable 
in improving the model.  Therefore, inclusion of the additional steps was not warranted 
by the available data even though their presence cannot be ruled out (see below). 
 As illustrated in Table 2.2, global modeling yields the microscopic rate constants 
and urea dependences for each step of the folding mechanism, 2U ? 2M ? N2.  In 
unfolding, dimer dissociation (N2 ? 2M) is rate-limiting, with subsequent faster 
unfolding of a mature monomer intermediate (2M ? 2U).  Interestingly, folding of the 
mature monomer intermediate under strongly folding conditions (2U ? 2M) is the rate-
limiting step in refolding.  The bimolecular association occurs subsequently and rapidly 
at micromolar concentrations.  A comparison of the overall stability and m values 
determined from equilibrium (Table 2.2) and kinetic measurements (Table 2.2) shows 
excellent agreement between the two methods.  
 The thermodynamic parameters provided by the kinetic global analysis yield a Kd 
of 2 nM at pH 6.0 and 25 ºC.  This result is in agreement with previously reported 
indirect inhibitor binding measurements of 0.75 nM at 30 °C and 3.4 nM at 37 °C at pH 
5.5 (Darke et al. 1994).   Although comparisons of alternatively reported Kd values are 
complicated by variations in the temperature, pH, and the buffering conditions, the 
micromolar to picomolar range in values (Grant et al. 1992; Xie et al. 1997; Todd et al. 
1998), determined by methods assuming a two-state N2 ? 2U dissociation, exceeds 
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D25NPR-HIV
expectations.  The rates from the global analysis were used to calculate a stability of 2.10 
kcal (mol dimer)-1 for the monomer and 11.79 kcal (mol dimer)-1for the dimer association 
step, providing a total 13.89 kcal (mol dimer)-1of stability for the native dimer.  
Compared with the two-state equilibrium value of 14.15 ± 0.21 kcal (mol dimer)-1, the 
overall stabilities determined by either equilibrium or kinetic measurements are very 
consistent, giving further support to the proposed kinetic model (Table 2.1).  Although 
the stability of the monomer is only 2.10 kcal (mol dimer)-1, models assuming a two-state 
N2 ? 2U  do not separate this stability from the dimerization free energy and 
overestimate the dissociation constant, Kd.  Therefore it appears that this global kinetic 
analysis, which detects a mature monomer intermediate (M), has also provided a more 
accurate and precise measure of the  dissociation constant, Kd.  
The population distribution of the unfolded (U), mature monomer intermediate 
(M), and native dimer (N2) were simulated under equilibrium conditions based on the 
thermodynamic parameters obtained form the kinetic global analysis.  The mature 
monomer intermediate is not significantly populated at any concentration between 0.1 
µM and 60 µM (Figure 2.10a).  It was not surprising that the population distribution was 
predominantly comprised of unfolded monomer chains and native dimer, as the measured 
equilibrium properties had apparent two-state behavior.  These simulations emphasize 
that the thermodynamic parameters derived from the global kinetic analysis and the 
observed equilibrium thermodynamic parameters are consistent. 
75 
 
Step Microscopic Rate 
Constant 
Urea Dependence Keq ∆G  
2U ? 2M 4.72 e-2 ± 3.23 e-4 s-1 0.717 ± 0.003  kcal mol-1M-1 0.169  2.10 kcal mol-1
2M ? 2U 7.97 e-3 ± 4.73 e-4  s-1 -0.175 ± 0.015 kcal mol-1M-1 
 
  
2M ? N2 1.02 e6 ± 6.49 e4  M-1 s-1 0.582 ± 0.019 kcal (mol dimer)-1 M-1 2.11 nM 11.79 kcal (mol dimer)-1
N2 ? 2M 2.15 e-3 ± 1.61 e-5  s-1 -0.135 ± 7.66 e-5 kcal mol-1M-1   
Table 2.2: Kinetic and Implied Thermodynamic Parameters:  The rate constants and their associated urea dependence 
extracted from the global analysis define the HIV-1 protease folding landscape. 
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Figure 2.9: Comparison of Microscopic Rate Constants with Chevron of HIV-PR 
Folding Kinetics.   (a) A pseudo-first order approximation of the microscopic rates for 
D25N HIV-1 protease folding at 4 µM final protein concentration is shown on the 
template of the dimer chevron from Figure 2.7a.  The rate-limiting refolding step (solid 
line) corresponds to the 2U ? 2M transition.  The rate-limiting unfolding step (dotted 
line) corresponds to the N2 ? 2M dissociation rate.  The intermediate unfolding step 
(dashed line) correlates with the 2M ? 2U unfolding rate.  The bimolecular association 
rate (dotted and dashed line) does not overlay with any one particular observed relaxation 
time.  A rigorous analysis of the bimolecular constant (b) demonstrates that the 
microscopic rate obtained from this fit is within a precise confidence interval. 
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Figure 2.10: Predicted Populations of HIV-PR Folding Species.  (a) Simulated 
equilibrium species plots at final monomer protein concentrations of 60 µM, 5 µM and 
100 nM.  (b) Simulated kinetic species plots to strongly unfolding conditions with final 
urea concentrations of 4 M and (c) strongly refolding conditions with final urea 
concentrations of 1 M. 
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 The population of kinetic species populated under strongly unfolding and 
refolding conditions was also simulated based on the global analysis parameters.  The 
unfolding simulations (Figure 2.10b) displayed the same population of species across 
several protein concentrations, consistent with the observation that all relaxation times for 
unfolding are protein concentration independent.  In refolding (Figure 2.10c), the mature 
monomer intermediate is only marginally populated (10 %) in the micromolar 
concentration range, but became significantly more populated (~30%) at nanomolar 
concentrations. 
Although the global analysis provided an assignment of microscopic rates to the 
majority of the chevron, some aspects of the  folding mechanism remain 
unresolved because the fastest minor (~5%) refolding and unfolding phases were not 
incorporated into the global analysis.  One possible origin of the rapid phases in refolding 
may be from the inherent limitation of the chevron plot in describing bimolecular 
reactions.  The chevron plot is an empirical description of the data in terms of exponential 
functions which does not provide a true description of a second-order kinetic reaction.  
Therefore, it is possible that at least some of the observed refolding relaxation times arise 
from spurious phases introduced into the chevron plot by treating bimolecular folding 
kinetics as exponentials.  The global analysis treats the bimolecular kinetics explicitly by 
integrating the rate equations and does not suffer from these limitations.  The coupling of 
the microscopic rate constants in the mechanism are also accounted for in the global 
analysis.  While the minor kinetic phases proved difficult to incorporate into a global fit 
because of overparameterization, insights of their role in the folding of D25N HIV-1 
D25NPR-HIV
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protease could provide a more detailed mechanism.  Conveniently, a monomer construct 
is experimentally accessible (Ishima et al. 2001; Ishima et al. 2003) and may elucidate the 
role of these fast phases. 
 
 Monomer construct studies.  The isolated monomer folding reaction was studied 
using a construct with a C-terminal deletion (∆96-99) introduced into the  
background ( ) (Ishima et al. 2003).  The same experimental conditions as 
previously described for a direct comparison between the full length dimer and the 
truncated monomer.  Size exclusion chromatography (data not shown) confirms that 
does not dimerize, even at stock concentrations of 80 µM.  
maintains a similar CD signature spectrum (Figure 2.2a) as the full-length 
dimer.  However, compared to , the 218 nm minimum for is 
broader, suggesting that the C-terminal deletion construct may be more molten globule-
like in its overall 2° structure (Greenfield 2004).  The unfolded CD spectra for 
at high denaturant concentrations (6 M urea) were also collected, and they 
exhibit high similarity (Figure 2.2a).   
D25NPR-HIV
99∆96−
99∆96−
99∆96−
99∆96−
99∆96−
99∆96−
D25NPR-HIV
D25NPR-HIV
D25NPR-HIV
D25NPR-HIV D25NPR-HIV
D25NPR-HIV
 has a FL spectrum with a maximum emission at 351 nm and 
diminished intensity compared to  (Figure 2.2b).  Unfolding of 
decreases the relative intensity of the maximum emission peak, but does 
99∆96
D25NPR-HIV
−
D25NPR-HIV
D25NPR-HIV
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not shift the maximal wavelength.  The FL unfolded spectra of both and 
are equivalent.  The difference in maximum emission wavelength between 
and  indicates that the tryptophans within the 
are more solvent-exposed compared with those of .  This 
result is consistent with the NMR results (Ishima et al. 2003) which have shown an 
increase in solvent accessible surface area of the isolated monomer. 
D25NPR-HIV
99∆96−
99∆96−
99∆96−
D25NPR-HIV
D25NPR-HIV D25NPR-HIV
D25NPR-HIV D25NPR-HIV
Equilibrium unfolding titrations of were monitored with both CD 
and FL.  This equilibrium transition did not yield a distinct native baseline.  Attempts to 
achieve a native baseline with the osmolyte, TMAO (Baskakov and Bolen 1998; Qu et al. 
1998), and temperatures did not provide meaningful results (data not shown).  
Fortunately, the initial amplitudes from  CD unfolding kinetics provided 
an estimate for the native baseline at higher urea concentrations (Figure 2.11a).  By linear 
extrapolation to lower urea concentrations, it was possible to obtain a robust fit of the 
monomer equilibrium unfolding data and obtain thermodynamic parameters (Table 2.1). 
99∆96
D25NPR-HIV
−
99∆96
D25NPR-HIV
−
 Only a single exponential phase was observed in either unfolding or refolding of 
 by manual-mix CD kinetics (Figure 2.11b).  A two-state fit of the 
chevron resulted in both a lower stability and a lower m value compared to 
the equilibrium fit (Table 2.1), indicating that this phase does not account for the entire 
folding reaction of the monomer. 
99∆96
D25NPR-HIV
−
99∆96
D25NPR-HIV
−
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(a) 
 
 (b) 
 
Figure 2.11: Folding properties of m-HIV-PR.  (a) CD equilibrium unfolding transition 
at 230 nm (filled circles).  Initial kinetic amplitudes (open squares) provided a native 
baseline parameter. (b) Comparison of monomer construct chevron, manual-mix CD 
phase in circles and stopped-flow FL slow (τ1) phase in squares and fast (τ2) phase in fast 
and triangles, with dimer chevron shown as lines.  Unfolding and refolding kinetics are 
represented with closed and open circles, respectively.  
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Stopped-flow FL kinetics displayed a slow (τm1) and fast (τm2) phase in both unfolding 
and refolding (Figure 2.11b), with the slow (τm1) phase coincident with the single CD 
 
m
m2
similar to the fast FL phase ( 3) observed in , suggesting that this phase 
may reflect a local monomer folding event. 
able to accou
omer construct, , provided 
es 
bility compare
phase.  The amplitude distribution of the 99∆96D25NPR-HIV
− FL phases was 90% for τm1 and
10% for τ 2, which is similar to the amplitude distribution of the fastest and slowest 
phases in the refolding of .  The 99∆96− fast FL phase (τ ) appears 
τ
 Although the global analysis was not nt for the minor FL phases 
observed in unfolding and refolding, the mon
D25NPR-HIV D25NPR-HIV
D25NPR-HIV
99∆96
D25NPR-HIV
−
additional insights to the complete sequential folding pathway.  99∆96PR-HIV − indicat
that a local folding event within the monomer subunit independent of the global folding 
of the monomer.   The complete kinetic mechanism for HIV-1 protease folding is shown 
in Scheme 2.2.  The thermodynamics obtained for 99∆96D25NPR-HIV
− demonstrate that the 
complete monomer folding reaction in the dimer context contributes 2.7 kcal (mol 
dimer)
D25N
-1, which is an additional 0.6 kcal mol-1 of sta d to the monomer 
thermodynamic parameters resulting from the global fit.   
 Contribution of the Trp residues as FL probes.  Mutational analysis involving
D25NPR-HIV  constructs, W6F and W42F was used to dete
 two 
rmine whether each Trp was 
displayed a la
reporting on different folding events (A. Kundu, unpublished data).  The W42F variant 
ck of the inflection point at 230 nm in the native CD spectrum.  Since the 
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CD kinetics were coincident at 220 nm and 230 nm, this wavelength is considered to 
reflect global folding events.  The kinetics of the W42F variant exhibited the same 
kinetics as wild-type, suggesting this Trp may serve as probe of global folding events 
within the protease.  The W6F variant retained the 230 nm inflection, but displayed
different SFFL unfolding kinetics from wild-type protease.  Refolding kinetics for this
variant were inconclusive due to aggregation.  The intermediate unfolding phase bec
slower and the fast unfolding phase disappeared.  Interestingly, the fast unfolding phase
also appeared slower in the C-terminal deletion monomer construct containing Trp6. 
These results suggest that Trp6 is involved in a local folding event within the monomer 
that may involve interactions with the C-terminus. 
 S
 
 
ame 
 
ummary of results.  By combining the global kinetic analysis of the data for the 
dimeric HIV-1 protease with the results for the monomer construct, a more complete 
e 
though 
 
lding 
way of 
energy landscape has emerged.  Based upon the results presented in this study, 
D25NPR-HIV folds via a four-state sequential pathway, involving unfolded polypeptid
chains, partially folded monomers, mature monomers, and the native dimer.  Al
wo-state equilibrium of HIV-PR provided a comparison benchmark for the
validity of studying this inactive D25NPR-HIV , which also exhibits a two-state 
equilibrium denaturation by urea, the kinetic folding mechanism of , and 
presumably HIV-PR, is consider plex.  A four-state, sequential fo
mechanism provides a more complete description of the folding path
D25NPR-HIV . 
the accepted t
D25NPR-HIV
ably more com
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Discussion 
 
HIV-1 protease folding mechanism.  A folding mechanism involving the unfolded 
chains (U) , a fast folding monomer intermediate (I), a mature monomer intermediate 
(M), and a native dimer (N2), as depicted in Scheme 2, has been proposed based upon the 
combined analysis of  equilibrium properties, the  chevron, 
global modeling, and folding.  These results have shown 
that equilibrium analysis alone coul e details of the 
folding landscape and that a more in-depth analysis was required. The detection of the 
mature monomer intermediate agrees with the proposed computational simulations that 
suggest a sequential, three-state folding of HIV-1 protease (Levy et al. 2004; Broglia et 
al. 2005) and validates the biological relevance of the isolated monomer construct.   
 
Energetic landscape of HIV-1 protease
D25NPR-HIV D25NPR-HIV
D25NPR-HIV  
99∆96
D25NPR-HIV
−
d not elucidate th D25NPR-HIV  
.  This analysis also revealed the wealth of 
information provided by FL kinetics, as phases beyond the rate-limiting steps were 
observed.  Interestingly, monomer folding is rate limiting and the bimolecular association 
is rapid (1?106 M-1 s-1), while dimer dissociation is the rate-limiting step in unfolding 
and the faster monomer unfolding is detected beyond this step.  Also, the observed fast 
folding monomer intermediate suggests that the stopped-flow FL kinetics used in this 
study were sensitive to the local structural folding events occurring prior to mature 
monomer folding and subsequent to unfolding of the mature monomer, as elucidated by 
Trp6.  Hosur and co-workers have also observed the local tryptophan unfolding events 
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monitored by NMR, in the context of r system (Panchal and Hosur 2000; 
Panchal et al. 2001).  It is possible that these fast folding rates correspond to formation of 
the N- and C-terminal β-sheet within one subunit prior to dimerization and the complete 
formation of the β-sheet.  The idea that the fast folding steps are local events could 
explain why computational simulations show two steps while this kinetic study shows 
three steps.  The fast folding of the monomer is most likely highly coupled to the stability 
of the mature because the sl e 
ermediate m
a tethered dime
monomer intermediate ow kinetic rates do not account for th
total apparent two-state equilibrium stability.  Thus, the monomer int ay be 
spectroscopically silent, as the mature monomer was in the apparent two-state dimeric 
equilibrium. 
Significance of a monomeric intermediate.  The three-step folding of 
D25NPR-HIV  is intriguing.  Previous investigations have postulated that autoproteolysis 
involves degradation of a monomer HIV-PR strand by active HIV-PR dimer in the 
context
er 
 of a monomer-dimer equilibrium (Darke et al. 1994).  Controversy still exists as 
to whether active dimer can be proteolyzed (Kumar et al. 2002).  Populating monom
intermediates may regulate the degradation of HIV-PR thereby significantly altering the 
HIV viral life cycle.  Rate-limiting folding of the monomer may ensure that HIV-PR is 
properly structured before gaining activity, while rate-limiting dissociation provides a 
mechanism to confirm that HIV-PR is no longer required for viral maturation before 
degradation.  The activity of HIV-PR within the cell is therefore regulated by 
LeChatelier’s principle.  As protein concentration increases dimer formation is favored, 
but as the protein concentration within the virion decreases HIV-PR dissociates and 
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begins to cleave its monomeric chains.  Eventually all of the HIV-PR dissociates and is 
degraded within the virion. 
 
 Comparison to superoxide dismutase (SOD) folding.  The HIV-1 protease fo
mechanism is quite similar to the folding mechanism of SOD, another dimeric β-barrel 
protein (Svensson et al. 2006a), with a sequential pathway involving a rate-limiting 
monomer folding reaction, rapid association of folded monomer to form the dimer, and 
rate-limiting dimer dissociation in unfolding.  However, there are two distinct difference
between the energy landscapes of these two proteins.  First, the K
lding 
s 
e nanomolar range, whereas for SOD it is nearly three orders of 
magnit
 Possib  
g 
e 
 the 
lt of 
tial 
d for HIV-PR 
dimerization is in th
ude tighter (picomolar range) even for the Zn and Cu free construct.  
ly this Kd difference could be attributed to the differing biological functions
of each dimeric protein.  HIV-PR is only intended to be functionally available durin
viral maturation; SOD requires long-term function throughout the body.  Also, the HIV-
PR monomer has is less stable in the monomer construct then in the dimer context, whil
the SOD monomer is more stable in an isolated construct which was generated by 
charged mutations at the dimer interface (Banci et al. 1995; Banci et al. 1998).  The 
difference in chevron patterns between 99∆96D25NPR-HIV
−  and the monomeric subunit of 
D25NPR-HIV  suggests that the C-terminal β−strand may play a role in the stability of
subunit.  The HIV-PR monomer has had biological implications only as a resu
structure-based drug design efforts; the SOD monomer has clinical implications as a 
causative agent of ALS.  It is also expected that these two proteins would have poten
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differences in folding mechanisms because of difference in their dimerization interfaces;
HIV-PR is a dimer of β-barr
 
els with an interface consisting of an antiparallel β−sheet 
formed from interactions between the subunits and the SOD dimer interface arises from 
the onn polar surface contacts between the two β-barrels. 
 
 Comparisons with β-barrel dimers.  A comparison can also be made between
PR-HIV  folding mechanism with those for other dimeric β-barrel proteins, such as
D25N
 the 
 
the CH3 antibody domains and the HPV E2 transcriptional regulator DNA binding 
domain (HPV domain). While both the  and SOD (Svensson et al. 2006b) 
folding mechanisms are similar to that for the CH3 antibody domain folding (Thies et al. 
1999), all three differ from the folding mechanism of the HPV domain (de Prat-Gay et al. 
. 
 β-barrel prior ly, 
these three proteins all fold on a slower time scale than similarly sized dimeric proteins 
containing predominantly α−helical content (Gloss and Matthews 1998b).  This 
difference in time scales can be attributed to both the more non-local stabilizing 
D25N
PR-HIV
2005).  It appears that the common factor in the rate-limiting step of the first three 
proteins is the β-barrel formation interaction.  As in the other three β-barrels, the folding 
of the HPV domain also involves a monomeric intermediate; however, this intermediate 
folds rapidly and the bimolecular association is the rate-limiting step, occurring through 
parallel pathways.  The HPV domain dimer interface forms a β-barrel (Bussiere et al
1998), while HIV-PR and SOD form the  to association.  More important
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interactions required for β−sheet formation and the long-range interactions between 
β−sheets that occur in development of the tertiary β-barrel structure. 
 
 Monomer construct folding comparisons.  The HI 99∆96D25NPR-V
−  folding mechanism 
is m re complex than the folding of other monomeric β−proteins that are fewer than 100 
am o a
three β hairpi
Srimathi et al
ers 
o
in cids in size.  The SH3 domain proteins (small β−sandwich proteins consisting of 
ns) (Grantcharova and Baker 1997; Riddle et al. 1997), the cold-shock 
family of proteins (small β-barrels with a two-stranded and three-stranded sheet 
structure) (Schindler and Schmid 1996; . 2002; Garcia-Mira et al. 2004; 
Magg and Schmid 2004], and the 　-trefoil hFGF {Srimathi, 2003 #31; Kathir et al. 
2005) all fold via a rapid two-state folding reaction with a native-like transition state.  
Some Ig-type proteins, β-barrels with a Greek-key topology, are also two-state fold
(Clarke et al. 1999; Geierhaas et al. 2004; Geierhaas et al. 2006).  99∆96D25NPR-HIV
−  folding 
and stability may differ from that of other equal-sized monomeric β−proteins because it 
is really just a piece of a larger protein. 
 
 Conclusion.  The results presented in this study have shown that the D25NPR-HIV  
folding mechanisms more complex than the apparent two-state process described by 
equilibrium methods.  The processing of HIV-1 protease from within the Gag-Pro
polyprotein previously has been shown to be tightly coupled to protein folding (L
-Pol 
ouis et 
al. 1999).  Within the polyprotein tertiary structure is weakly formed, but dimerization is 
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sufficient to allow cleavage and release of the N-terminus.   Since the proregion of th
protease is not as well folded, release of the N-terminus is necessary f
e 
or mature tertiary 
stru ture formation and enzymatic activity.   
odulated via L
association, HIV-1 protease forms a weakly associating dimer that cleaves its 
intramolecular N-terminus.  Subsequent to this step, the protease becomes more stable 
and can cleave other HIV-1 protease chains from the Gag-Pro-Pol polyproteins.  As the 
concentration of HIV-1 protease increases in the virion, dimer formation is favored.  The 
dimeric state remains preferred until all of the Gag and Gag-Pol polyproteins become 
cleaved to their respective viral proteins.  Then as these proteins disperse through the 
virion in their various functions, the effective protein concentration begins to decrease.  
At this point, the HIV-1 protease system is pushed toward dissociation.  Since the 
 the protein 
oth viral maturation and autoproteolysis by 
adding a folding step both before activity is gained to insure the viability of the process 
and aft
e 
c
Thus, in the virion HIV-1 protease activity can be m eChatelier’s 
principle.  As the polyprotein is pulled to associate through reverse transcriptase 
protease begins to cleave dissociated, unfolded polypeptide chains,
concentration decreases more until no HIV-1 protease remains.    The monomer 
intermediate provides a checkpoint for b
er activity is complete to insure that degradation should begin.   
Application of this D25NPR-HIV  folding analysis to drug-resistant HIV-1 proteas
variants could elucidate whether a mutation confers resistance within one subunit or 
through the dimerization interface.  For example, studies HIV-1 protease variants with 
mutations that are not spatially near the active site have been shown to confer drug 
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resistance by a hydrophobic sliding mechanism (Foulkes-Murzycki et al. 2007).  
Comparisons of the folding mechanisms of drug resistant variants with the mechanism 
presented here, as well as exploring the role of invariant residues in folding by mutational 
ana ics.  
1 
-based 
 
 
 
lysis will further extend the understanding of the HIV-1 protease folding energet
Details of the differences in the folding energy landscape between the many HIV-
protease variants may enhance the on-going efforts of HIV-1 protease structure
inhibitor design to create drugs that can avoid resistance. 
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CHAPTER III 
THE ROLE OF COILED COIL ASSEMBLY IN THE SCAFFOLD OF 
A COMPLEX HEMOGLOBIN 
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Abstract 
 Coiled coil motifs are involved in the structural assembly of proteins required for 
diverse biological processes such as cytoskeletal architecture, cellular motion, virus 
assembly, cellular transport, and DNA transcription.  The 5.5 Å resolution crystal 
structure of Lumbricus erythrocruorin, determ Royer et al., demonstrates a 
hierarchical organization of 144 hemoglobin subunits and 36 linker subunits, comprised 
of four non-hemoglobin linker chains, ccL1, ccL2, ccL3, and ccL4.   The 36 linker 
subunits arrange into a dodecameric scaffolding complex with helical coiled coils 
interdigitating similar to spokes in a wheel.  The hemoglobin subunits dock onto the 
whether the linker scaffolding complex of Lumbricus terrestris erythrocruorin assembles 
in a stepwise fashion driven by the formation of a coiled coil heterotrimer consisting of 
three of the four linker chains, ccL1-ccL2-ccL3 or ccL1-ccL2-ccL4, peptide constructs of 
each of the linker chains were combined in order of addition experiments and their 
secondary structure was assayed by circular dichroism (CD) spectroscopy.  While the 
expected signal of a coiled-coil motif was not evident, modest helical structure was 
observed indicating that these domains can associate.  The inclusion of larger linker chain 
domains could cooperatively organize structure. 
 
 
ined by 
globular linker heads on the outer surface of the scaffolding complex.  To determine 
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Introduction 
 
 Hemoglobin as a model of protein structure studies.  Evolutionary diversifica
has led to a number of proteins that share high homology in both structure and func
yet differ in their state of assembly.  A classic example of one such family of protei
the hemoglobins, multimeric biomolecules having the ability to bind oxygen reversibly 
by means of a heme moiety containing a Fe
tion 
tion, 
ns is 
ilar 
 
d by 
red 
ll, 
bins in humans and those in annelids.  
side the red blood cell 2,3-bisphosphoglycerate allosterically regulates oxygen release 
(Benesch and Benesch 1967), and reducing agents maintain the iron in ferrous form 
(Dorman et al. 2002).  In annelids, these processes are not available because hemoglobins 
are not contained within a cellular environment.  Thus, it has been postulated that these 
+2 cofactor.   All hemoglobins share sim
tertiary structures; however, amongst different species the quarternary association 
exhibits diversity (Weber and Vinogradov 2001; Royer et al. 2005).  Hemoglobin and
myoglobin were the first proteins whose three-dimensional structures were determine
X-ray crystallography (Perutz 1960; Perutz 1964); as a result, this class of proteins has 
been studied extensively as a model of the relationship between protein structure and 
function (Perutz 1976; Perutz 1978).  Although hundreds of hemoglobin crystal structures 
have been determined since then, new insights on this protein continue to be discove
through structure-function studies. 
 While human hemoglobin has evolved in the environment of the red blood ce
annelid hemoglobins exist in an extracellular environment.  This evolutionary difference 
may account for the divergence between hemoglo
In
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hemoglobins have evolved with a scaffold that helps maintain their function and 
assembly (Royer et al. 2006). 
 
 A model annelid hemoglobin.  The 5.5 Å-resolution crystal structure of L. 
hierarchical organization of 144 hemoglobin subunits and 36 linker subunits, comprising 
similar to spokes in a wheel.  The hemoglobin subunits dock onto the globular linker 
as an excellent model for self-limited assembly, with a high cooperativity dependent on 
interdigitation of 12 putative triple-stranded coiled-coil helices near the center of the 
proceeds outward with an approxim
terrestris erythrocruorin (Figure 3.1) (Royer et al. 2006) exhibits a self-limited 
four linker chains, ccL1, ccL2, ccL3, and ccL4.   The 36 non-hemoglobin linker subunits 
arrange into a dodecameric scaffolding complex with helical coiled-coils interdigitating, 
heads on the outer surface of the scaffolding complex (Figure 3.2).  This molecule serves 
interactions with both divalent cations and protons (Royer et al. 2000). 
One of the most striking features of the erythrocruorin structure is the 
complex.  The N-terminus of the linker is at the center of the scaffolding complex and 
ately 45 Å long coiled-coil region followed by a 
bend, a short 20 Å coiled-coil region and terminating with a cysteine-rich LDL receptor 
long coiled-coil region of the linker chains are primarily responsible for the assembly of 
domain.  (Royer et al. 2000)  The sequences of all four linker chains (Figure 3.3) have 
been identified (Kao et al. 2006),  At 5.5 Å, it appears that the interactions between the 
this scaffolding complex. 
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Figure 3.1:  The 5.5 Å electron density map of Lumbricus terrestris erythrocruorin. 
This 3.6 MDa molecular weight protein is organized into 144 hemoglobin subunits, 
which are docked upon a scaffold comprised of 36 linker subunits.  The scaffold has a D
symmetry with coiled coils separating the two dyads.  The Q dyad is a view along the 
two-fold axis of symmetry
 
 
6 
 and the P Dyad displays the six-fold axis of symmetry. 
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ns 
drive 
embly of the linker scaffold (c). 
 
Figure 3.2: The linker scaffold is organized in one-twelfth subunits. The one-twelfth 
subunit of the complex (a) shows the formation of a distinct coiled coil.  The interactio
between these subunits along each dyad (b) suggest that coiled coil formation may 
(a) 
(b) (c) 
ass
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Figure 3.3:  The amino acid sequences of four distinct linker chains have been 
identified in L. terrestris hemoglobin.  Each linker chain contains a β-barrel region, a 
steine-rich LDL receptor-like domain, and short and long coiled coils separated by a 
 
long coiled-coil domain 
short coiled-coil domain LDL receptor-like domain 
β-barrel domain
cy
break in sequence.   These linkers interact to form a scaffolding complex with coiled coils
intertwined in the central part.  The stars indicate the cysteines involved in a disulfide 
linkage 
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 Structure of a coiled coil.  An ideal coiled coil is identified on the basis of “knobs-
to-holes” packing.  (Crick 1952)   This arrangement involves the packing of one side 
hain of one helix into four side chains of the facing helix with residues of the first helix 
directly to the side of the equivalent residue of the second helix.  The “knobs-into-holes” 
 
more similar to a “ridges-into-grooves” arrangement, where the residues pack above or 
beneath the equivalent residue from the facing helix (Figure 3.4).   
 In a coiled coil, there is a characteristic heptad repeat contained within each helix 
designated as (abcdefg)n.  The amino acids are arranged in a pattern consisting of 
hydrophobic residues spaced every four and three residues apart (4, 3 hydrophobic 
repeat) with 3.5 residues per turn of the helix.  A helical wheel representation (Schiffer 
and Edmundson 1967) of a parallel, dimeric coiled coil is shown in Figure 3.5.  However, 
some coiled-coils exhibit interruptions in the heptad repeat classified as stutters and 
mmers (Brown et al. 1996).  Generally, positions a and d are occupied by hydrophobic 
idues which lie on the same face of the helix, and the hydrophobic interactions that 
occur between these residues on adjacent helices are key to the formation of a coiled-coil.  
Positions e and g have been shown to play a role in the electrostatic interactions of 
interhelical ion pairs and contribute to salt bridges with a pairing of the i residue of one 
helix to the i +5 residue of the adjacent helix.  The structure can be described in terms of 
pitch (the distance the superhelix requires t ll turn), pitch angle (the angle 
 
in
c
ns.  The latter isarrangement differs from typical helix formation within globular protei
sta
res
o complete a fu
that each helix assumes relative to the superhelix axis), and helix-crossing angle (the  
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Figure 3.4 Comparison of helical packing “Knobs-into-holes” packing, characteristic 
of coiled coils, is shown in the top structure of GCN4-p1.  This packing contrasts with 
“ridges-into-grooves” organization of helices within globular proteins, such as ROP. 
 
ROP “Ridges-into-Grooves” 
GCN4-pI “Knobs-into-Holes” 
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Figure 3.5  Sequence of GCN4-p1 represented in helical wheel format.  The heptad 
repeat is notated at the corresponding amino acid position. 
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angle between two neighboring helices).  The coiled-coil can be distinguished from other 
am versus 3.65), the 
length (long versus 
 
 Im
phipathic helices by the periodicity of hydrophobic residues (3.5 
versus short), and the packing interactions (“knobs-into-holes” 
“ridges-into-grooves”) (Lupas 1996). 
portance of coiled coils.  Coiled-coil motifs occur ubiqu
provide structural support in fibrous proteins such as kera
they are necessary for intermediate filament form
. 2001).  Larger α-helical proteins invol
trafficking, such as tropomyosin and kinesin, have been shown to requ
 al. 1991a; Mo et al. 1991b).  In bZIP proteins, sm
ors consisting of an activation domain and a DNA bi
coiled coils have been shown to be the driving force of asse
O'Shea et al. 1991).  Coiled coils have been observed in a binding dom
e 1 that acts in endosome tethering and fusion (Merithew et al. 
otifs have been shown to play a role in memb
itously in nature.  They 
tin, myosin, and fibrinogen, and 
ation (Oas and Endow 1994; Lupas 
1996; Burkhard et al ved in intracellular 
ire coiled-coils for 
structural integrity (Mo et all 
transcription fact nding domain, 
mbly (Landschulz et al. 1988; 
ain of a Rab5 
effector early endosom
2003).  These m rane fusion, as exemplified 
activator protein (McKay and Steitz 1981).  In Newcastle virus, coiled coils are 
postulated to mediate folding and assembly (McGinnes et al. 2001; Sergel et al. 2001).  
by the three-stranded influenza virus hemagglutanin protein (Wilson et al. 1981; Bentz 
2000) and SNARE complexes (Short and Barr 2004).  Additionally, coiled coils are 
found in the core of many multimeric proteins, as first discovered in catabolite gene 
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Given the functional diversity of the proteins which contain coiled coils, the simplicity of 
the coiled-coil structure, and the extent of these motifs within the genome, the coiled-coil 
motif has served as an excellent model for investigations into the rules governing protein-
protein interactions.   
 GCN4-p1: A model coiled coil.  Knowledge of GCN4-p1 serves as a guide in the 
investigation of the role of these coiled coils in the scaffolding complex assembly.  The 
1.8 Å-crystal structure of the GCN4-p1 leucine zipper, determined by Kim, Alber, and 
colleagues (O'Shea et al. 1991), has served as a model of the coiled-coil motif for a 
number of investigations into the determinants of coiled-coil structure.  This dimeric 
structure consists of a pair of 33 amino acid peptides corresponding to the leucine zipper 
domain of GCN4, a yeast transcriptional activator (Figure 3.6).  GCN4-p1 is a dimeric 
coiled-coil consisting of two α-helices twisted into a left-handed supercoil.  While 
CN4-p1 is a dimeric, parallel coiled-coil peptide, other coiled-coils have been shown to 
rm dimers, trimers, and tetramers.  Additionally, these coiled-coils can orient in a 
parallel (the N-termini of all helices are located at the same end) or an anti-parallel (the 
N-terminus of one helix pairs with the C-terminus of another helix) fashion.  Though 
some of the systems that have been investigated have included coiled-coils from naturally 
occurring proteins, other model systems have been engineered to study their determinants 
of oligomerization, orientation, and homogeneity versus heterogeneity of coiled coils.  
Most of the designed coiled coils have been engineered by modifying the leucine zipper 
via mutagenesis.  
G
fo
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Figure 3.6 Crystal structure of GCN4-p1.  Top: Side view of the dimer with the a an
d positions highlighted in blue and red respectively.  The electrostatic e and g positions 
are in green and cyan.  The buried polar residue is noted at Asn16. 
 
 
 
d 
g
Asn16
d
a 
e 
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 Alber and coworkers studied the importance of hydrophobic effects by exploring 
the role of mutations at the a and d position of the heptad repeat in the GCN4-p1  
sequence (Harbury et al. 1993).  Mutations were simultaneously made at four of the a 
residues (Val9, Asn16, Val23, Val30) and the four d residues (Leu5, Leu12, Leu19, 
ers 
e 
nd d, 
 for 
 
e 
 polar residue at Asn16 has been investigated by mutagenesis 
experiments.  An allosteric switch was created with the N16V mutation of GCN4-p1 that 
Leu26).  These resultant mutants were named p-IL, p-II, p-LI, p-VI, p-VL, p-LV, and 
p-LL, with the first letter corresponding to the amino acid at position a and the second 
letter denoting the amino acid at position d of the core.  The p-IL, p-II, and p-LI 
mutants formed parallel oligomers such that associated as dimers, trimers, and tetram
respectively.  Additionally, crystallographic packing constraints appear to influence th
oligomeric state of the peptides.  The dimeric coiled-coils resemble the parallel “knobs-
into-holes” packing at the a position and perpendicular at d, the trimeric coiled-coils 
illustrate an acute geometry involving neither parallel nor perpendicular packing a a
and the tetrameric coiled-coils form perpendicular packing at a and parallel packing at d.  
The pitch of the helix also changes with oligomeric state: 148 Å for the dimer, 175 Å
the trimer, and 205 Å for the tetramer.  The distance between helices also increases with
oligomeric state.  The helices of the p-LI tetramer were 5.5 Å further apart than for th
p-IL dimer, while  p-VI, p-VL, p-LV, and p-LL formed mixtures of multiple oligomeric 
states.  Particularly, the oligomeric states of p-VI and p-VL were also concentration 
dependent.  These multiple populations were postulated to be due to the absence of the 
buried polar residue at Asn16, which was crucial for oligomeric specificity. 
The buried
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forms trimers upon benzene binding and dimers with no ligand (Gonzalez et al. 1996a; 
GC er 
 positions 
rs (Oakley and 
Ki
influenced by electrostatic interactions between e
within the coiled coil, while main
(John et al. 1994; Lumb and Kim 1995a; Lumb a
1996b; Kohn et al. 1998; Krylov et al. 1998).  Th
e g positions of one heptad and the e′ positions of the next constitute an ‘interhelical 
ntations, while Gln-
l  interactions lead to dimer formation.   
In contrast to the well-studied homodimer GCN4-p1, another transcription factor, 
os/Jun forms a heterodimer (O'Shea et al. 1992).    Although homodimers of Fos and 
Jun can form, the Fos/Jun homodimer preferentially forms within the cell.  The Fos/Jun 
Gonzalez et al. 1996b; Gonzalez et al. 1996c).  An N16Q mutation incorporated into 
N4-p1 formed the stable trimeric coiled-coil, GCN4-pIQI.  The stability of this trim
is, however, lower than that of GCN4-pII, with all isoleucines at the a and d
(Eckert et al. 1998).  An N16L mutation causes a loss of specificity in the association 
orientation in GCN4-pII, resulting in both parallel and antiparallel dime
m 1998).   These studies have demonstrated that the packing of the coiled coil is 
influenced by the presence or absence of the polar group Asn16, and also by its side-
chain interactions with the structural surroundings. 
Several groups have shown also that the stability of the oligomeric association is 
 and g′ residues of opposing α-helices 
taining hydrophobic residues in the a and d positions 
nd Kim 1995b; Yu et al. 1996a; Yu et al. 
e number of ionic interactions between 
th
salt-bridge rule,’ which has been used to describe the homo- and hetero-oligomerization 
of coiled-coils and also the parallel vs. anti-parallel orientation (Lupas 1996).  Lys-Glu 
gn- ' 1ne +  ion pairs tend to form trimers in parallel or anti-parallel orie
n gn- ' 1ne +G
F
 
 106
h imer has been postulated to form due to the ionic interaction between the two 
negatively charged Glu residues in g
eterod
or 
tz 
hree 
on 
1 and e2 of the Fos leucine zipper and the two 
positively charged Lys residues in the equivalent positions of the Jun zipper.  The 
repulsive electrostatic interactions within the Fos homodimer thermodynamically fav
formation of the Fos/Jun heterodimer.  When compared to the stability of GCN4-p1, the 
less stable Jun homodimers further explain the heterodimer association preference 
(O'Shea et al. 1992; d'Avignon et al. 2006). 
The folding mechanism has been well characterized for the model system GCN4-
p1, a homodimeric coiled-coil bZIP protein (Zitzewitz et al. 1995; Sosnick et al. 1996; 
Kentsis and Sosnick 1998; Bhattacharyya and Sosnick 1999; Moran et al. 1999; Zitzewi
et al. 2000; Ibarra-Molero et al. 2004).  This small, highly helical protein with thirty-t
amino acids folds via both apparent two-state equilibrium and kinetic mechanisms.  As 
partially folded intermediates are not well populated, an extensive mutational analysis of 
the dimeric transition state elucidated the sequence requirements for structure formation 
(Zitzewitz et al. 2000).  The C-terminal part of the helix has been shown to fold first, but 
this formation depends upon the specific sequence rather than its location within the 
peptide chain.  Furthermore, the buried Asn at residue 16 in GCN4-p1 confers 
thermodynamic stability to the dimer, but is not involved in determining the associati
rate constant (Zitzewitz et al. 2000).  These insights from GCN4-p1 folding can be 
applied to other coiled coil folding studies. 
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 Coiled coil diversity.  Though studies of designed coiled coils have illustrated 
their properties, many natural coiled coils also have interesting structural characteristi
For instance, the “stutter” and “stammer” observed in mannose binding protein, 
hemagglutanin, and myosin refer to deletions of three and four residues in the heptad 
repeat that can cause underwinding and overwinding of the supercoil (Brown et al. 199
Right-handed coiled coils have been observed in tetrabrachion, a filamentous 
archaebacterial surface protein assembly, but contain an 11 residue repeat containing
three hydrophobic residues at positions a, d, and h in an undistorted helix (Yan et al. 
1993; Peters et al. 1995). 
cs.  
6).  
 
t 
d 
 of
Although numerous attempts have sought to discern a set of guidelines for coiled-
coil prediction, many of the available algorithms have not been entirely reliable due to 
breaks in the heptad repeat in naturally occurring proteins (Wolf et al. 1997; Walshaw e
al. 2001; Walshaw and Woolfson 2001; Woolfson 2005).  Visual inspection of the 
sequences remains the best method (Lupas 1996).  While some basic guidelines have 
been deduced, it is important to note that many of these rules are context dependent, an
often the behavior of the coiled coil depends on the environment of the overall protein.   
 
Aim  this chapter.  In contrast to studies of engineered heteromultimeric coiled-coils, L
terrestri ythrocruorin provides a hierarchical mo
. 
s er del in which nature utilizes coiled-
coils for co
scaffold consists of twelve coiled coils interdigitating similar to spokes in a wheel.  Given 
mplex assembly.  The central region of the L. terrestris erythrocruorin 
the essential role of coiled coils in other structurally complex proteins with architectural  
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Figure 3.7:  Coiled coil assembly The long coiled-coil domain is proposed to drive 
assembly of the scaffold linker complex. (a) The one-twelfth subunit of the linker chain 
complex.  (b) The long coiled-coil domain of the one-twelfth subunit (PDB 2GTL). 
 
 
           
(b) (a) 
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hierarchy, it is proposed that heterogenous coiled coil formation in this hemoglobin 
macromolecule (Figure 3.7) may be the component that initiates assembly of the linker 
scaffolding complex.  In this study, peptides corresponding to the long coiled-coi
of each of the four linker chains have been synthesized and the interactions between th
peptides have been examined to determine to the role of this component in scaffold 
assembly.  Evidence of enhanced helical structure, as well as oligomerization, 
to determine if these isolated domains were competent to assemble without the remain
of the linker chain.  The results of these assays would test the hypothesis that coiled co
formation serves as the ini
l domain 
ese 
was used 
der 
il 
tial step in the assembly of this complex. 
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Experimental methods 
 
 Helix propensity prediction.  AGADIR, an algorithm based on helix/coil 
transition theory, was used to predict the helix propensity of the individual peptides 
(Munoz and Serrano 1997).  This algorithm examines short range interactions to predict 
the helix propensity of monomeric peptides.  Each individual sequence was input to 
determine its likelihood of forming a helix independent of the other peptides.  The 
information output was then plotted with helical propensity as a function of residue 
number. 
 
 Peptide synthesis and purification.  Peptide constructs corresponding to the ~45 Å 
long coiled coil domain of the four linker chains were synthesized on an Applied 
iosystems 433 synthesizer utilizing solid-phase 9-fluorenylmethoxycarbonyl (Fmoc) 
gure 
 
eptides ccL2, ccL3, and ccL4 do not contain intrinsic chromophores, they were 
synthes
(Gill and von Hippel 1989).  The peptides were N-terminal acetylated and C-terminal 
amidated to increase helix stability by neutralizing partial charges (Scholtz and Baldwin 
1992).  Since branched amino acids are difficult to attach during synthesis, these residues 
B
chemistry (Fields and Noble 1990).  The sequences of these domains are shown in Fi
3.8.  N-terminal CGG linkers were synthesized to allow for the addition of thiol-reactive
fluorescent probes for fluorescence resonance energy transfer experiments.  Since the 
p
ized with a C-terminal tyrosine for spectroscopic determination of concentration 
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     defgabcdefgabcdefgabcdefga d  
ccL1 Ac-CGGFQYLVKNQNLHIDYLAKKLH NK N 2
ccL2 Ac-CGGLDPRLGANAFLIIRLDRIIE DE
ccL3 Ac-CGGHDEIIDKLIERTNKITTSIS DD
ccL4 Ac-CGGEDNRARDISERIDKLTAEAF DA
 
 
Figure 3.8:  Peptide constructs corresponding to the long coiled coil.  The  c d  y e d o o
three heterogenous helices.  The ccL peptides correspond to the long coiled co o  o  i fi n . h 
peptide was N-acetylated and C-amidated.  An N-terminal CGG was added to allow  t d  i ac  p es
and C-terminal Tyr were added for spectroscopic determination of protein concentr .  e L d 2 
postulated to be present in all twelve of the coiled coils, while ccL3 and ccL4 altern
bc e
DIEEEY LT- H  
KLRTKL AEY-NH2 
HVESLL RLY-NH2 
KLGRNL RLY-NH2 
long oile  coil was h poth size to c nsist f 
il d main f the four denti ed li kers  Eac
 for he ad ition of th ol-re tive rob  
ation  The helic s, cc 1 an ccL are 
ate.
 
 
  
were added with a double coupling cycle.  Synt
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 the resin 
with the reagent K method (King et al. 1990).  Following cleavage from the resin, the 
eptide d 
ray 
fers
hetic peptides were cleaved from
p s were dissolved in 5% glacial acetic acid and lyophilized.  The lyophilize
peptides were subsequently resuspended in 1% trifluoroacetic acid and purified as a 
single peak using HPLC on a Waters Breeze system with a reverse-phase column and a 
35 - 45 % acetonitrile gradient.  Purity of the peptides was confirmed using electrosp
mass spectrometry. The purified peptides were lyophilized and stored at 4˚C. 
  
 Buf .  Standard buffering conditions of 10 mM monobasic/dibasic potassium 
 mM ethylenediamine tetraacetic acid (EDTA), 1 mM β−mercaptoethanol 
(βME), at pH 7.8, the pH of earthworm blood, were used for all studies.   
 
 Determination of Protein Concentration
phosphate, 0.2
.  Absorbance at 276 nm, corresponding to 
the chromophore tyrosine, was monitored using an Aviv 140S UV-VIS spectrometer.  
The extinction coefficient of each peptide was determined using the method of Gill and 
von Hippel (Gill and von Hippel 1989).  The molar extinction coefficient for each peptide 
was taken as 1500 M cm , based upon the contribution of a single tyrosine per peptide.  
The concentrations of these peptides was then calculated according to Beer’s law 
A = εcl                                                                    (1) 
where A is the absorbance of the peptide, ε is the molar extinction coefficient (M cm ) 
for the peptide, c is the given peptide concentration (M), and l is the path length of the 
cell (cm).   
-1 -1
-1 -1
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 Size-exclusion chromatography (SEC).  SEC, using an T p r C 
with a sephar lumn, was used to determine the oligo ic e of 
the peptides, both isolated and combined.  The eluent used wa  % f c acid 
/30 %  aceton ht standards were dimeric GCN4, and an engineered 
trimeric GCN ere analyzed qualitatively om ri e ntion 
volumes of t f pr ns
question
 
 E sm (CD) experiments
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Results 
  
 Predicted helicity of the constructs.  Coiled coils appear to form in the scaffo
center of the 5.5 Å crystal structure of erythrocruorin.  Examination of the correspond
sequences within each linker domain revealed aspects of the characteristic coiled-coil 
heptad repeat.  Peptide constructs, corresponding to the 45 Å long coiled-coil domain of 
each linker chain, were synthesized.  Each linker chain natively contains eithe
ld 
ing 
r Ile or Leu 
d d positions, but the distribution of these residues is not specifically all 
e or L
peptide are electrostatic residues, there again is no particular pattern to suggest the 
formation of parallel trimers. 
To check the helix propensity of each chain, the peptide sequences were 
individually analyzed for propensity to form helix using the program AGADIR (Munoz 
and Serrano 1994; Munoz and Serrano 1997).   This algorithm, based on helix/coil 
transition theory, explores short range interactions to predict the amount of helix a 
monomeric peptide will form.  The predicted helix propensity by AGADIR of each 
peptide construct was plotted as a function of residue number (Figure 3.9).   
 The predictions suggested that ccL4 has the most helical propensity at a 
maximum of 15% helix from residues 17 through 23.  Peptide ccL1 was predicted to have 
between 5-10% helical content in its C-terminus.  Predictions for ccL2 displayed a 5% 
tendency to form helix in the C-terminal portion of the peptide.  The construct ccL3 was  
at multiple a an
Il eu as the positioning in engineered coiled coils to predict a trimeric 
oligomerization (Woolfson 2005).  Although many of the e and g positions in each 
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Figure 3.9: Agadir prediction of ccL peptide helicity.  The program Agadir was used 
to predict the helical propensity of each of the four isolated sequences.  Though each 
 
ifferent regions of each sequence display different helical propensities. 
 
 
sequence does not display a high propensity to form helix, it is possible that interactions 
between three heterogenous sequences will result in coiled coil formation because
d
 
 116
predicted to have the least helical charac ss than 5% helical propensity.  These 
s were used to calculate the predicted helix propensity for a single chain 
f GCN
y.  
 Peptide solubility
ter with le
same parameter
o 4-pIQI, a homotrimeric coiled coil, as a standard for trimeric coiled-coil helix 
propensity.  While the N-terminus of GCN4-pIQI was predicted to have less than 5% 
helix propensity, the C-terminus was predicted to have as much as 50% helix propensit
These predictions suggest that the individual peptides may not form helices in isolation.  
Rather, as illustrated in the crystal structure (Figure 3.1), each construct may need other 
peptides to form heterotrimeric coiled coils. 
 
.  Peptide solubility was determined by measuring the volume of 
buffer necessary to dissolve a specific mass of peptide and then analyzing the absorbance 
spectrum of the particular solution. The peptides ccL1 and ccL4 more charged polar 
residues than the peptides ccL2 and ccL3, and as expected, ccL1 and ccL4 were the most 
soluble.  Conversely, ccL3 was marginally soluble and ccL2 exhibited minor solubility 
with a tendency to aggregate (Figure 3.10).   The high hydrophobicity and limited 
solubility of ccL2 suggests that it could associate with other chains (ccL1, ccL3 or ccL4) 
early in the folding process.  Mutation of a phenylalanine to tyrosine in ccL2 did not 
drastically improve its solubility, creating a problem for its characterization in a primarily 
aqueous solvent.  As shown in the UV absorbance plots, baseline scattering indicates that 
all of the constructs were prone to aggregation.  Furthermore, solubility of the ccL2 
peptide was not increased in helix-inducing organic solvents, including trifluoroethanol  
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Figure 3.10: UV Absorption Spectra of the ccL peptides.  The peptides corresponding 
to ccL1 and ccL4 were the most soluble of the four peptides.  ccL3 was moderately 
soluble and ccL2 was essentially insoluble.  Mutation of a phenylalanine to tyrosine in 
ccL2 did not drastically improve its solubility. 
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(Storrs et al. 1992; Luo and Baldwin 1997) and acetonitrile.  Although these results 
appeared discouraging in terms of individually characterizing the solution structure of the
linker chains, they suggest that the linkers most likely assemble into heterogenous coil
coils. 
 
 Secondary structure of the individual linker chains
 
ed 
.  Circular dichroism (CD) 
spectra of each linker chain show the secondary structure of the individual peptide 
sequences (Figure 3.11).  The ccL1 peptide demonstrates the most helical character of the 
ur peptides with a -4000 MRE at 222 nm.  Compared to the GCN4-p1 standard, with a 
 
.  
mum 
e 
l 
fo
highly helical content at -33,000 MRE, this peptide was only 12% helical.  Urea 
denaturation displayed a progressive loss of structure for ccL1 (Figure 3.12).  However, 
determination of the thermodynamics of folding was not possible due to the marginal
stability of ccL1.  
CD spectra revealed that ccL4 was only 9% helical with a -3000 MRE at 222 nm
Compared to the local 222 nm minimum, both ccL1 and ccL4 exhibit a larger mini
in their CD spectra at 205 nm (-8000 MRE), suggesting these peptides were mostly 
unstructured with a relatively small helical content.  At 222 nm ccL3 exhibited the sam
spectral shape as ccL4, but below 205 nm it is far more unstructured.  Peptide ccL2 
displayed a baseline spectrum that may be attributed to the insolubility of this construct.   
The predicted helicity for this peptide is lowest of the four peptides, and experimenta
cross-validation with CD spectroscopy was unfortunately not possible due to its poor  
 
 119
 
 
 
 
 
 
Figure 3.11: CD Spectra of the individual ccL peptides.  The spectra of the isolated 
peptides at individual concentrations of 10 µM in 10 mM potassium phosphate, 0.2 mM 
EDTA, 1 mM BME, pH 7.8 were compared with each other as well as the spectrum of 
GCN4-p1 at 10 µM (inset) in the same buffer conditions. 
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Figure 3.12:  Urea denaturation of ccL1 displays a progressive loss of secondary 
structure.  However, thermodynamic analysis was not possible because the unfolding 
reaction of the peptide does not display a cooperative transition. 
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solubility.  The behavior of the individual peptides in solution further reinforces the idea 
that these chains contain a sequence preference for heterogeneous interactions. 
  
 Secondary structure induced by interactions between the peptides.  After 
examining the isolated linker sequence constructs (ccL1, ccL2, ccL3, ccL4), mixing 
experiments were conducted to determine whether these constructs could form coiled 
coils outside the context of the linker scaffold, and if so to measure their stability.  The 
linkers were mixed according to their apparent organization within the erythrocruorin
scaffold.  In the electron density maps, the one-twelfth subunit is comprised of a trim
linker chains, containing either linkers 1-2-3 or linkers 1-2-4.  Based on modeling, it is 
hypothesized that the interdigitation between each one-twelfth subunit is likely to be the 
ccL1-ccL2-ccL3 coiled coil interacting with the ccL1-ccL2-ccL4 coiled coil. 
 
er of 
To determine whether certain linkers preferentially associated as dimers before 
e development of a stable trimer, the six possible combinatorial dimer mixtures 
 
lose to baseline, suggesting 
at these solutions contained minimal ccL2 compared to the other component peptide.  
s a control, ccL3 and ccL4 were mixed, but showed little helical character.  Compared 
 GCN4-p1, these six combinations lack significant helical structure beyond that of their  
 
th
between the three peptides were pre-equilibrated for twenty-four hours and their CD 
spectra were taken (Figure 3.13).   The combination of ccL1 and ccL4 displayed the most
helical structure of the six mixtures, followed by that of ccL1 and ccL3.  All of those 
mixtures containing ccL2 appeared to exhibit a spectrum c
th
A
to
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Figure 3.13: CD Spectra of the pairwise ccL combinations.  The spectra of the 
combined peptides at a total concentration of 20 µM (10 µM each) in 10 mM potassium 
phosphate, 0.2 mM EDTA, 1 mM BME, pH 7.8 were compared with the summed spectra 
of the individual peptides.  
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constituent peptides.  However, this result may be an indication that all three peptides
must be in contact to fully form the heterotrimer. 
 
pon these preliminary observations, the peptides were mixed in pre-
nd 
, 
en 
rming e 
he 
e 
 
r 
 
protein rather than a coiled coil.   
 Based u
equilibrated equimolar amounts of ccL1- ccL2-ccL3 as well as ccL1-ccL2-ccL4 a
analyzed by CD (Figure 3.14).  Compared to the sum of signals from the individual  
peptides, the signal strengths for the trimeric peptide mixtures exhibit a relative 
enhancement, yet neither combination of peptides resulted in the signature coiled coil 
spectrum of GCN4-p1.  In fact, both of these combinations display only 10% of the 
helicity displayed by GCN4-p1, and they appear to be disordered with a spectral 
minimum at 205 nm rather than at 222 nm.  As a control, a mixture of ccL2-ccL3- ccL4
which is not observed in this erythrocruorin scaffold, was studied but showed no helical 
signal suggesting that the ccL1-ccL2-ccL3 and ccL1-ccL2-ccL4 mixtures may have be
fo  a small amount of helical structure.  Hence, the relative increase in signal for th
trimeric mixtures, although modest, correlates with the results from the studies of t
dimeric mixtures.  
 The CD spectrum of a pre-equilibrated combination of ccL1-ccL2-ccL3- ccL4 
(2:2:1:1 ratio of peptides) was collected.  This spectrum is then compared with both th
summed CD spectral contributions of these four peptides as well as the CD spectrum of
GCN4-p1 (Figure 3.15).  Although there was a slight enhancement of helical structure fo
the mixture compared to the sum of spectral contributions of the four peptides (13% helix
for the mix and 7.5% helix for the sum), the overall spectrum resembled a disordered 
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  The spectrum of 
the comb inations at a total concentration of 
30 µM (10 µ , 0.2 mM EDTA, 1 mM BME, pH 
.8 were compared with the summed spectra of the three individual peptides as well as 
 
Figure 3.14: CD Spectra of the putative trimer linker combination.
ined peptides of the three possible ccL comb
M each) in 10 mM potassium phosphate
7
the spectrum of GCN4-p1 at 10 µM (inset) in the same buffer conditions. 
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Figure 3.15: CD Spectra of the putative ccL1-ccL2-ccL3-ccL4 linker combination.
The spectrum of the combined peptides at a total concentration of 60 µM (20 µM ccL1, 
20 µM ccL2, 10 µM ccL3, and 10 µM ccL4.) in 10 mM potassium phosphate, 0.2 mM 
EDTA, 1 mM BME, pH 7.8 was compared with the summed spectra of the four 
individual peptides as well as the spectrum of GCN4-p1 at 10 µM in the same buffer 
conditions.   
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 Oligomeric state of the peptides.  The oligomeric states of the peptides were 
qualitatively assayed by size exclusion chromatography.  As the stock concentrations are 
diluted by ten-fold in this technique, the low solubility of the ccL peptides complicated 
the detection of these molecules in the assay.  Although the traditional quantitative 
assessment of molecular weight was not possible, the relative elution volumes of each 
peptide indicated a qualitative measure of its oligomeric state.  Figure 3.16 shows 
representative sizing data from ccL1, ccL3, the mix ccL1- ccL2-ccL3, the dimer standard 
GCN4-p1, and the trimer standard IQI.   The two standards are well-defined in their 
oligomeric state and their elution positions were assumed to correspond with that state.  
While only exact elution with either the dimer or trimer standards would suggest an 
accurate oligomeric state of the peptide, elution volumes occurring after the two 
standards were assumed to indicate monomer.  It is to be acknowledged that the non-
globular shape of coiled coils and peptides could distort traditional sizing analysis. 
Compared with the dimer GCN4-p1 and the engineered trimer GCN4-pIQI, ccL1 
 
g of ccL3 
xhibited only a single peak extending beyond the dimer standard elution volume, 
ggesting a monomer-dimer equilibrium.  Sizing of ccL2 was not possible because of 
.  The mix of ccL1-ccL2-ccL3 eluted similarly to ccL3, interpreted as a  
 
exhibited an elution profile extending from the trimer standard to beyond the dimer 
standard.  This peptide eluted as a single peak at a later volume than the dimer standard 
when a lower initial protein concentration stock was assayed.  This result was interpreted
to indicate equilibrium between monomer, dimer, and trimer that could be shifted to 
primarily monomer by lowering the protein concentration.  However, sizin
e
su
solubility limits
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igure 3.16: Size Exclusion Chromatography of the ccL peptides.  Based upon 
The mix of ccL1, ccL2, and ccL3 elutes in a monomer-dimer equilibrium that can be 
shifted to monomer by lowering the protein concentration.  These sizing data are 
qualitative, as elution of the dimer and trimer standards is not well resolved. 
 
 
 
 
 
 
 
F
comparisons to GCN4-p1 and GCN4-pIQI, an engineered trimeric coiled coil, ccL1 
displays an equilibrium between dimer and monomer that can be shifted to monomer by 
lowering the protein concentration, while ccL3 exhibits a monomer-dimer equilibrium.  
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m er-dimer equilibrium, and elution could be shifted to monomer by lowering th
protein concentration.  (At the time of the sizing experiments the ccL4 peptide was 
unavailable.  Based upon the analysis of the CD data, further quantities of ccL4 were no
synthesized to pursue this study.)  These results suggest the possibility of 
oligomerization, but no strong evidence of heterotrimer formation. 
 
 Summary of results
onom e 
t 
.  These studies were influenced profoundly by the low 
solubility of ccL2.  The presence of the other peptides was not enough to bring the cc
chain into solution as part of the structure, suggesting that ccL2 may organize the initial 
structure formation of each coiled coil.  Alternatively, there may not have been enoug
ccL2 present to accurately quantify any possible interactions.  It is possible that a
domain of linker chain two may be necessary to confer solubility.  These results may 
suggest that the interactions within the long coiled-coil domain of the linkers alone m
L2 
h 
 larger 
ay 
de 
.   
not be sufficient to form initiating components of the scaffold, but rather requires other 
interactions to build the scaffold.  However, the poor solubility of ccL2 did not provi
experimental evidence to eliminate the ability of the long coiled-coil domain to associate
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Discussion 
t β-
s of 
solution data suggested that the long coiled coil of the linker chain was the driving 
rce of the scaffold assembly, this new data favors a more cooperative process of 
ead 
 the 
structural 
ifference is proposed to account for the architectural differences between the two  
 
While the proposed initiation of structure within the erythrocruorin scaffold by 
coiled coils was not shown by the approaches used in this study, the idea of hierachical 
folding within this molecule should not be abandoned.  At 5.5 Å resolution, rods of 
density within the scaffold of this molecule were a clear indicator of coiled coils, bu
sheet formation within the globular head domain of the linker chains was less apparent.  
More recent structural data, at 3.5 Å, revealed that interactions within the scaffold 
occurred not only between the long coiled coils, but also between the β-barrel portions of 
the linker head groups (Figure 3.17) (Royer et al. 2006).  In fact, the contacts between the 
linker head groups account for 1000 Å2 of buried surface area while the interaction
the coiled coil regions shows only 200 Å2 of buried surface area.  While the initial 5.5 Å-
re
fo
assembly involving both the long coiled coil and the β-barrel portion of the linker h
groups. 
A comparative study between the erythrocruourins from Arenicola marina and 
Lumbricus terrestris further elucidates the lack of coiled coil formation observed in the 
folding study presented here.  In the more evolutionarily primitive species, Arenicola 
marina, the coiled coil region of the linker chain extends ~70 Å continuously from
LDL receptor-like portion of the linker chain head (Royer, JMB 2007).  This 
d
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oordinate with the coiled coils in the scaffolding assembly process (Royer, 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17: Contacts occurring between the globular heads of the linker domains.  
The 3.5 Å resolution density map of the L. terrestris erythrocruorin shows that there are 
stabilizing contacts between the β-barrel domain of the globular heads, which may 
The type I architecture of 
Lumbricus erythrocruorin 
β-barrel domains from linker 
subunit L1 across the Q-dyad
permits extensive packing of 
Arenicola marina erythrocruorin Lumbricus terrestris erythrocruorin 
c
 
 131
erythrocruorins.  A break between the long and short coiled coils of the L. terrestris 
rythro
ls.  
. 
e 
 
g “trigger sequences” within the coiled coil domains. 
 
rans 
(hydrothermal vent tube worm), and polychaetes (marine worms) allows for a 
e cruorin may account for the shift in alignment between the two dyads of the 
scaffolding complex.  Thus, the β-barrels of the linker heads make stabilizing contacts 
within the complex.   
This comparison between these two evolutionarily divergent erythrocruorins 
suggests that it would be appealing to study longer segments of the linker chains in L. 
terrestris erythrocruorin with constructs incorporating the long and short coiled coi
With the added anchor of the short coiled coils, the linkers may be more likely to 
associate.  Also, by using larger segments of these constructs, it could be possible to 
increase the solubility of these constructs.  In contrast to L. terrestris, the dyads of the A
marina erythrocruorin are separated by the more rigid, continuous coiled coil.  Since this 
coiled coil has no breaks in the heptad repeat, it may be a better model for studying th
scaffold assembly of erythrocruorins.  To guide these efforts, a recent model for the
molecular basis of coiled coil formation (Steinmetz et al. 2007) would provide insights 
regardin
  The unique hierarchy of this class of protein makes it an appealing model to 
investigate self-limited assembly.  Their extracellular existence and remarkable oxygen 
transport properties provide not only a system from which to design blood substitutes, but 
also an example of a protein whose assembly may not be limited to the constraints of 
homeostasis within the cell.  Additionally, the availability of varied erythrocruorins from
different species, including oligochaetes (earthworm), achaetes (leech), vestimentife
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comparison of evolutionary conservation and diversification (Royer et al. 2007).  The    
 the more prim ly to 
assemble isolated in solution, as the d
Information regarding the foldi ine the 
folding of the scaffold with a m tertwined linker complex.  Thus, future folding and 
assembly studies within this class of proteins may enhance protein engineering efforts 
towards biological therapeutics.
As technology advances and expression of these isolated scaffolds becomes more 
accessible, studying the details involved in the assembly of these complex systems will 
then be logistically possible.  For instance, the high degree of buried surface area 
amongst the beta barrel domains of the linker head groups suggests that these parts might 
drive the assembly of the L. terrestris erythrocruorin scaffold resulting in the long coiled 
coils.  Alternatively, combining both the long and short coiled coil domain may satisfy 
, 
ssembly with a single chain variant containing three long coiled-coil domains. Yet, 
nother possibility is the cooperative interaction between both the coiled coil and the β-
arrel domains.  This study demonstrates that although simplified models can be 
xamined to understand multimeric folding systems, the complexity of interactions often 
quires the cooperativity of multiple subunits. 
~70 Å coiled coil from itive scaffold architecture may be more like
yads appear to have no other interacting contacts.  
ng of these coiled coils could then be used to exam
ore in
 
the requirements for initiating assembly of the scaffolding complex.  As technological 
developments yield an expression system for these linker chains, it may be possible to 
probe longer fragments of the chain.  Furthermore, the ability to express this protein
rather than synthesize small constructs, may allow for studies that probe coiled-coil 
a
a
b
e
re
 
 133
 
 
 
 
 
Chapter IV 
GENERAL DISCUSSION 
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Importance of protein folding studies 
 
coil into a functionally competent protein with a well-defined, three-dimensional 
period since Levinthal posed the “protein folding problem” (Levinthal 1968), a myriad of 
protein folding pathways and energy landscapes 
Elucidation of the mechanism by which a given polypeptide folds from a random 
structure further enhances the current knowledge base of the protein folding field.  In the 
have been defined.  Comparisons within 
this database of protein folding mechanisms indicate that specific trends exist within 
their folding mechanisms have yet to be assigned.  As further information about protein 
 
structural classes of proteins; however, distinct correlations between protein families and 
folding mechanisms is discovered, these correlations may become clearer.  Thus, the 
need for protein folding studies remains today. 
 Beyond monomer folding.  Biological function is dependent upon protein 
is important for understanding the molecular basis of this stability (Matthews 1993).  
Furthermore, a large number of these proteins are comprised of an intricate quarternary 
stability, and determination of the mechanism of protein folding for a number of proteins 
structure.  As the protein folding field moves toward discovering a folding code, it is 
important to build upon the knowledge base of smaller, homogenous monomeric 
proteins.  Many proteins in biology function as a part of a larger system rather than a 
discrete unit.  Although the database of protein folding mechanisms for relatively small 
proteins is ever increasing, in reality many proteins are quite large and comprised of 
many subunits in their biologically functional form.   In addition to being complementary 
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to the existing knowledge, multimeric folding studies are essential to understanding the 
complete picture of protein folding.   
Multimeric protein folding studies have been sparse in comparison to the wealth 
of monomeric studies in part because multim s pose more experimental challenges.  
Often complex heteromers are more difficult  obtain by recombinant methods because 
it is difficult to coexpress multiple polypeptid hains in a prokaryotic cell.  Even when 
protein expression is possible, purification becomes complicated by the presence of 
multiple polypeptide chains and issu n.  While multimeric folding 
reactions yield another dime eir inherent protein 
dependence, the bimolecular character of association reactions (Bernasconi 1976) creates 
a layer of complexity in analysis.  In cases where either the size or oligomeric state of a 
multimeric protein limit the feasibility of traditional technology, studies of small proteins 
and peptides can serve as models for the macromolecular assembly of larger more 
complex proteins (Lecomte and Matthews 1993).   
 
 Current perspectives on multimer folding
er
to
e c
es with aggregatio
nsion of experimental data with th
.  At present, relatively few energy 
landscapes have been defined for multimeric proteins.  The current literature on 
multimeric folding (Mann et al. 1995; Gloss and Matthews 1997; Shao et al. 1997; Gloss 
and Matthews 1998b; Gloss and Matthews 1998a; Shao and Matthews 1998; Thies et al. 
1999; Jaenicke and Lilie 2000; Kreisberg et al. 2000; Zitzewitz et al. 2000; Gloss et al. 
2001; Gloss and Placek 2002; Knappenberger et al. 2002; Kreisberg et al. 2002; Placek 
and Gloss 2002; Thies et al. 2002; Banks and Gloss 2003; Banks and Gloss 2004; Doyle 
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et al. 2004; Feige et a . 2004; Placek and 
Gloss 2005; Placek et al. 2005; Simler et al. 2006; Svensson et al. 2006a) illustrates that 
development of quartnerary structure varies throughout classes of proteins.  In the case of 
the association reaction (Zitzewitz et al. 2000; Knappenberger et al. 2002; Ibarra-Molero 
et al. 2004).  Other α/β multimers display complex dimeric intermediates (Mann et al. 
1995; Gloss and Matthews 1997; Shao et al. 1997; Gloss and Matthews 1998b; Gloss and 
Matthews 1998a; Simler et al. 2006).  Recently, proteins containing mainly -motifs (Thies 
et al. 1999; Thies et al. 2002; Feige et al. 2004; Svensson et al. 2006a) have been shown 
to display monomer structure formation before association.  These studies highlight the 
intricacies of quartenary association and address the necessity of further probing these 
types of reactions. 
 
l. 2004; Ibarra-Molero et al. 2004; Topping et al
highly helical dimers, development of secondary structure occurs is highly coupled with 
β
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Significance of this thesis 
 
This thesis examined the assembly of two structurally different proteins: a viral 
component of L. terrestris erythrocruorin (ccL).  HIV-1 protease is a 22 KDa homodimer 
 
t 
e is 
he mechanism of multimeric protein 
assemb
protease from the human immunodeficiency virus type I (HIV-1) and a coiled-coil 
consisting of β-barrel subunits, and its function is to cleave the Gag and Gag-Pro-Pol 
precursor proteins thereby resulting in viral maturation (Johnston et al. 1989).  This 
protein is not meant to exist for more than a viral life cycle and degrades via 
autoproteolysis.   L. terrestris erythrocrourin is a 3.5 MDa extracellular hemoglobin
comprised of a hierarchical architecture with dodecamers of dodecameric hemoglobin 
subunits docking upon a complex linker scaffold.  This erythrocruorin has evolved so tha
it allosterically binds oxygen with a high level of cooperativity.  Though these two 
proteins appear on the outset to have relatively little in common, the unifying them
that both proteins are excellent models for probing t
ly. 
 
 HIV-1 Protease.  Chapter II of the thesis defined the energy landscape for HIV-1 
protease.  To enhance the reversibility of the system, an inactive variant, D25NPR-HIV , 
was used to eliminate any complications that may be incurred by autoproteolytic 
degradation and ensure a complete thermodynamic characterization.  The relevance of 
this inactive construct to wild-type HIV-1 protease was confirmed through a comparison
of its equilibrium folding with a number of published stabilities for the equilibrium 
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folding of a variety of active HIV-1 protease constructs.  A combination of equilibrium 
and kinetic studies were pursued on both the full-length dimer, as well as a monomer 
construct, 99∆96D25NPR-HIV
− , to provide a complete folding mechanism for HIV-1 protease.  
A global analysis of the FL kinetic traces, coupled with kinetic information from the 
folding of the monomer construct, elucidated a sequential, four-state folding mechanism.  
Furthermore, the thermodynamic values obtained from an independent analysis of the 
kinetics were in agreement with those from the equilibrium studies validating this 
proposed energy landscape.  An enhanced understanding of in vitro HIV-1 protease 
folding could provide insights into mechanisms of catalytic turnover and drug resistance.
Additionally these studies may lead to alternatives to current inhibitor therapies. 
 
 L. terrestris
  
erythrocruorin .  Chapter III of this thesis extends beyond the idea of 
all (< 160 residues per subunit) multimers and examines the assembly issues of a 
macromolecule with a complex hierarchy.  The erythrocruorin in L. terrestris is similar to 
other annelid hemoglobin molecules, with multiple hemoglobin subunits docked upon a 
large scaffolding complex.  It is postulated that these hemoglobins evolved to 
accommodate allosteric binding in an extracellular environment (Weber and Vinogradov 
2001; Royer et al. 2005).  In particular, this chapter presented a study of the long coiled-
coil region of the erythrocruorin scaffold.  Based upon the results of a 5.5 Å electron 
density map, it was proposed that the heterogenous association of the long coiled-coil 
domain was the driving force in the assembly of the central scaffolding complex.  Peptide 
constructs were generated and CD spectroscopy and Size Exclusion Chromatography 
sm
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were used to assay their abili st helix formation was 
present, the results of this chapter show that coiled coils did not form in this isolated 
context.  Coupled with new information on subunit interfaces from a 3.5 Å structure, it 
plete 
structure formation.  It is also the case that contacts between the linker head domains may 
ent of 
ty to oligomerize.  Though mode
was apparent that a larger region of the linker chain may be necessary to induce com
be crucial in stabilizing this complex structure.  Information pertaining to scaffolding 
proteins has nanotechnology applications and could help to stabilize therapeutic proteins.  
In particular, details of annelid erythrocruorin assembly could lead to the developm
universal blood substitutes. 
 
 Contribution to multimeric protein folding.  The two studies presented in this 
thesis have added to the current knowledge of multimer folding.  The well-defined en
landscape of HIV-1 protease, elucidated in Chapter II, has added to the limited folding 
knowledge of β-barrel dimers.  The coiled coils explored in Chapter III provide an 
ergy 
interesting perspective on a domain that has been of great interest to protein engineers.  
Their m bly suggests the need for an improved technology to address 
the questions of hierarchical assembly.  The examination of both of these systems has 
ach 
rs of 
odest, at best, assem
shown that there is still more to learn in the context of protein folding and that e
protein experimental study provides more nuances to enhance the predictive powe
future algorithms. 
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Macromolecular crowding in the cell 
 
While in vitro studies provide an isolated system in which to study a given protein 
of interest, they do not mimic the in vivo environment experienced by a protein within the 
cell.  Within the last two decades, a number of studies have examined the role of 
macromolecular crowding in protein folding and association (Minton 2005; Ellis and 
Minton 2006).  Excluded volume theory suggests that the crowding in a cell will 
preferentially shift the equilibrium between folded and unfolded protein species so that 
the given protein excludes the least volume possible (Minton 1993).  As a consequence, 
compact globular proteins are typically favored under these conditions because they 
exclude less volume than extended polypeptide chains.  A major consideration of the 
crowded conditions within the cell is the limit in the ability of proteins to diffuse through 
solution.  Thus, protein association reactions that are diffusion-controlled will decrease in 
their association rate.  In contrast, association reactions with relatively slower in vitro 
rates will increase because association of subunits becomes favored to decrease the 
volume excluded by individual monomers.   
The folding of lysozyme has been examined using polysaccharide crowding 
agents such as Ficoll and dextran to mimic the crowding of cytoskeletal environment in 
vitro (van den Berg et al. 1999; van den Berg et al. 2000).  In conjunction with these 
crowding agents, proteins such as bovine serum albumin (BSA) and ovalbumin have 
been added as protein crowding agents.  These studies have shown that protein crowding 
agents have a greater effect on the folding reaction than the polysaccharides and suggest 
that unfavorable protein-protein interactions may lead to decreased folding yields.  
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Additionally, these studies have confirmed the physiological role of protein disulfide 
isomerase as an effective chaperone in the crowded folding conditions of the cell. 
 
 Considerations of macromolecular crowding in these studies. In Chapter II of the 
thesis, association rates for HIV-1 protease were presented as part of the energy 
landscape.  Additionally, the disputed range of dissociation constants (Kd) determined 
the many variants of this protein were discussed.  A major conclusion was that the global 
analysis of HIV-1 folding kinetics provided the best assay for the K
for 
n of the monomer folding into consideration, rather than 
ssuming a simple, two-state equilibrium between native folded dimer and unfolded 
onom
 
e 
 
y via LeChatelier’s principle due to crowding conditions within the 
virion. 
d of HIV-1 protease 
because it took the maturatio
a
m er chains.  Also, this Kd was in excellent agreement with the Kd measured by 
indirect inhibitor-binding methods (Darke et al. 1994).  
 However, Chapter II only considered the association reaction of HIV-1 protease
in vitro.  This analysis shows a Kd that is less than two orders of magnitude below th
rate of diffusion control.  Given the literature on macromolecular crowding, it is entirely
possible that the Kd for HIV-1 protease within the virion is much higher than reported 
here.  This putative increase in the Kd of HIV-1 protease has relevance to its disease 
potency because it has been reported that as the HIV-1 virus matures, the catalytic 
efficiency of HIV-1 protease changes (Szeltner and Polgar 1996).  HIV-1 protease may 
tune its own activit
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 The idea of m  the hierarchical 
ssembly of the erythrocruorin studied in chapter III.  This hemoglobin functions in an 
extracellular environment, where macromolecular crowding issues are not a large 
chaperone-mediated folding.  The mode of assembly for these large complexes will be 
 
more assay methods become available. 
 
acromolecular crowding may or may not impact
a
consideration.  However, the large assembly of this molecule suggests the need for 
elucidated as knowledge of in vivo folding within a variety of organisms increases and
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Folding macromolecules within the cell 
 
  The studies presented in this dissertation focused on the interactions of 
biologically functional forms proteins do not exist in an isolated environment, but are 
in vitro
the mechanisms that occur intracellularly. 
sequence is released from the ribosome by a vectorial process.  The logic then follows 
inus that contradicts the 
vectorial folding argument.(Laio and Micheletti 2006)  In the case of both 
terminal sequence is a prerequisite for initiation of folding.  These findings can be 
ing energy landscape as well. 
purified proteins in controlled, aqueous, buffer solutions.  However, in their 
susceptible to the interactions of other macromolecules surrounding them.  In an 
effort to understand the lessons of  protein folding it is necessary to consider 
   A common argument to in vitro protein folding studies is that the N-terminal 
that the N-terminal domain of the protein may begin to fold prior to the C-terminus.  
However, a number of proteins have a more compact C-term
ribonuclease (Neira and Rico 1997) and GCN4-p1 (Zitzewitz et al. 2000) the C-
contrasted with the folding of the α-subunit of tryptophan synthase, which has an N-
terminal requirement for folding (Zitzewitz and Matthews 1999).  Moreover, many 
small single-domain proteins are proposed to fold similary in vitro and in vivo 
(Daggett and Fersht 2003).  Since single-domain proteins can serve as models of 
larger proteins, the in vitro folding mechanisms may provide insights to their cellular 
fold
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 he 
d 
protein folds within the cell, the overall 
thermodynamics controlling protein folding do not change (Bukau et al. 2006).  In 
fact, it is supposed that chaperones play a role in partitioning the folding kinetics 
between functional protein and aggregation that is not evident in the cell.  Thus, in 
vitro study of protein folding remains a valid assessment of the thermodynamics that 
occur in the protein folding energy landscape (Jaenicke 1998).   
  While it is fully acknowledged that the in vitro system removes proteins 
from their biological context, this approach provides a view of protein folding that is 
not as clearly analyzed in the cell.  Moreover, as illustrated here, even purified 
multimeric proteins in solution present a variety of challenges in their analysis.  These 
two studies demonstrate that fragmentation of a multimeric protein can elucidate 
details of its folding mechanism that are not easily probed in the whole protein.  Thus, 
examining the assembly of both the whole protein and its fragmented subunits 
provides a more complete picture of how a protein achieves its fold.  By the same 
comparison, in vitro protein folding enables a simplified system in which to probe the 
behavior a specific protein ensemble.  Building upon this knowledge, in vivo protein 
Following protein synthesis along the ribosome, proteins are either directed to t
endoplasmic reticulum or the cytoplasm to undergo folding.  In the cytoplasm, 
proteins encounter a host of chaperones that aid in the folding process (Hartl an
Martin 1995; Fink 1999).  Additionally, there are other chaperones involved in 
degrading misfolded and/or aggregated proteins.  In concert, these chaperones 
maintain a protein homeostasis in the cell (Morimoto 2006).  Though these protein 
chaperones alter the way in which a 
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folding studies can in the cell.  In 
conclusion, increased knowledge of in vitro multimeric protein folding mechanisms 
will serve to enhance and direct the understanding of  protein folding and 
 
 further investigate the basic folding principles with
 
in vivo
protein-protein interactions.  
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